










Little darling, it’s been a long cold lonely winter 
Little darling, it feels like years since it’s been here 
Here comes the sun 
Here comes the sun, and I say  
It’s all right 
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1 The complexity of diapause  
1.1 Definitions of diapause 
iapause or developmental arrest is a type of dormancy that allows 
organisms to cope with unfavourable conditions. This profound, 
endogenously and centrally mediated survival mode that diverts the species from 
its direct developmental program occurs in response to environmental stimuli. The 
environmental cues that inform organism of upcoming stress, separates diapause 
from quiescence. Quiescence has been identified as an immediate response to 
enter a dormant state that is not centrally regulated and results from unfavourable 
conditions themselves. Resumption after quiescence takes place immediately 
when the adverse factors disappear while diapause termination is not necessarily 
followed by the end of adversity (Koštál, 2006). Furthermore, the generic term 
dormancy covers any period that is characterized by developmental arrest and is 
defined as an adaptive reaction within ecological or evolutionary meaning but is 
not used for suppressions that are artificially induced.  
Furthermore, the physiological state of diapause is known to be more 
suited for surviving low temperatures, declining food supply, high population 
densities, predators, and other stress factors (Hodek, 2002; Koštál, 2006). In 
temperate regions, diapause is usually induced to avoid winter however in the 
tropics, it can also help to overcome dry and hot summer periods (in that case 
termed aestivation). The suspended development of diapause is a centralized, 
hormonally regulated program that dramatically reduces an organism’s 
metabolism and arrests life cycle progression (e.g., metamorphosis, yolk 
production).  Besides developmental arrest, diapause induction triggers a whole 
set of adaptations including a decrease in metabolism (Harvey, 1962; MacRae, 
2010), an increase in stress tolerance (King and MacRae, 2015), changes in 
behaviour (Veerman, 1985), and reduced energy use (Hahn and Denlinger, 2011). 
In ecology, diapause is considered as a type of phenotypic plasticity. 
Phenotypic plasticity is the capacity of a single genotype to respond  to changing 
environments by exhibiting variable phenotypes. This plasticity is physiological but 
can be manifested by morphological, biochemical, behavioural, physiological and 
life historical changes (Whitman and Ananthakrishnan, 2009). Furthermore, in 
some temperate insects the adaptive plastic response to photoperiod and 
temperature can even explain diapause induction (Moraiti et al., 2014). A 
D 
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visualization of the phenotypic plasticity can be achieved by the use of reaction 
norms that map a set of phenotypes from a certain genotype exposed to different 
environments. Additionally, this line graph plotting is able reveal the fittest 
genotype in a specific environment (Whitman and Ananthakrishnan, 2009). On the 
other hand, an extreme case of phenotypic plasticity, polyphenism is the 
expression of alternative phenotypes, environmentally induced, without having an 
origin in genetic polymorphism (Mayr, 1963). Consequently, in some species, 
diapause can be considered as a type of developmental and seasonal 
polyphenism (Sato et al., 2014). Besides phenotypic plasticity that is induced by 
predictable situations, another mode of responding to variable environments is 
known as bet-hedging or the risk aversion strategy. In unpredictable 
environments, this strategy is expected to be induced when reliable cues for future 
environmental conditions are absent. Therefore, organisms prepare for 
unpredictable and worst case scenarios by developing a strategy that results in a 
safe reaction norm and leads in general to reduced fitness (Furness et al., 2010; 
Simons, 2011). Such a bet-hedging strategy was also noticed in Rhagoletis cerisa 
in relationship to diapause termination where overlaying diapausing pupae are a 
strategy to cope with the multi-annual climatic variability (Moraiti et al., 2014). 
Diapause is a protective measure in a wide range of animals both in 
vertebrates and invertebrates. A fascinating reproductive strategy, embryonic 
diapause, also occurs in over 130 species of mammals (Fenelon et al., 2014) like 
sea lions, bats, rodents, wallabies and weasels (Renfree and Shaw, 2000) in 
which the uterus exercises an important proximal regulatory influence (Fenelon et 
al., 2014). In invertebrate organisms, especially in insects and mites, diapause can 
occur at all stages in the life cycle: embryo, larva, pupa or adult (Koštál, 2006). 
The embryonic, larval and pupal diapause can take place at any stage of the 
specific developmental stages.  In addition, adult or reproductive diapause defines 
a stop in reproduction whereas ovaries and testis of females and males 
respectively remain small and consequently mating is strongly suppressed 
(Denlinger, 2009). Insects and mites mainly enter diapause in one particular life 
stage but at least one example is known that maintains diapause in different life 
stages. The speckled wood butterfly (Pararge aegeria) develops a pupal and a 
larval winter diapause resulting in early and late-spring adults respectively (Van 
Dyck and Wiklund, 2002). 
Literature usually distinguishes between two types of diapause: 
facultative and obligate. According to Denlinger (2009), facultative diapause is a 
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response to environmental cues. These cues are received during a sensitive stage 
and redirects the organism from its normal course of development and 
reproduction, often an overwintering stage. On the contrary, obligate diapause 
occurs every generation, independent of the environmental cues and simply when 
the organism reaches the specific developmental stage. In this type of diapause, 
environmental triggers play an important role for diapause termination. Obligate 
diapause is rather rare and the majority of insects displays a facultative diapause. 
The nature of voltinism (the number of generations per year) is also 
closely related to diapause. Arthropods can also be exposed to hostile conditions 
with low food supply and/or with poor food quality and therefore are forced to enter 
diapause. This sometimes gives rise to the evolution of an obligate diapause which 
is often observed in herbivores that have one generation per year (univoltine) 
Therefore, diapause can be essential to synchronize the life cycle with the most 
favourable period of food availability within a narrow period or time of the season. 
Seasonal timing is essential for herbivores that are specialized in feeding on a 
particular stage of the host plant, like flowers, buds, fruits and seeds. In fact, the 
variation of food specialization is an important driver of natural selection for 
species that are dependent on only one food source, available in a short time 
period (Posledovich et al., 2015). A well-known example is illustrated in species of 
the fruit fly genus Rhagoletis: the cherry fruit fly R. cerasi, the apple maggot 
Rhagoletis pomonella and the blueberry maggot Rhagoletis menoax are 
accurately and locally synchronized with the flowering time of their host plants 
(Moraiti et al., 2014; Teixeira and Polavarapu, 2002, 2005). A host shift driven 
speciation is demonstrated in the apple maggot as well. The fly displays a 
diapause length that has been adapted from its native host, the hawthorn 
(Crataegus monogyna), to the domesticated apple, introduced in the 1800’s in the 
United States of America (Feder and Filchak, 1999). Nowadays, both apple and 
hawthorn flies are present and have become partially reproductively isolated races 
with genetic changes underlying this host preference (Filchak et al., 2000; Ragland 
et al., 2011).  
Polyphagous herbivores or generalists, on the other hand, are not limited to 
one host plant or particular stage, but have the ability to feed on different 
resources. However, food sources dwindle during cool, dark and/or dry seasons, 
and the number of generations decreases. The duration of favorable conditions is 
considered as a critical factor for their reproductive cycle and typically manifested 
to explain the different triggers for diapause induction between obligate and 
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facultative diapausing species (Saulich and Musolin, 1996). To summarize, the 
main factors for facultative diapause in temperate regions are shorter days and 
declining temperatures; the parameters that announce autumn and winter (Tauber 
et al., 1986; Tauber and Tauber, 1976).  
 
1.2 Phases of diapause 
In 2006, Koštál made an overview of the eco-physiological phase of 
insect diapause (Koštál, 2006) in which he defined three major phases: pre-
diapause, diapause and post-diapause (see Table 1-1). The inducing and 
triggering factors mentioned in the previous section, mark the onset of diapause 
which is the first phase of the prediapause.  
 







Induction phase The ontogenetic stage when a species is genetically 
determined to perceive environmental token stimuli 
that reaches a critical level to switch the organism 
from direct development to diapause. 
Preparation phase A stage of direct development that is present when 
induction is separate from initiation defined by 
physiological and behavioural preparations for later 






Initiation phase Direct development is prevented and a decrease of 
metabolism is observed. Some stages still take in 
food as an energy reserve and actively seek for 
shelter. 
Maintenance phase Developmental arrest that persists over the period of 
several weeks or months and the metabolic rate is 
maintained relatively low and constant. 
Termination phase Under the impulse of specific changes of 
environmental conditions, resumption of direct 
development is enabled and the intensity of diapause 










Resumption, direct development and active 
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Because diapause is not a static physiological phase and diapausing 
organisms gradually proceed to the next stage, defining the correct phase is 
essential for understanding the wide range of mechanisms that are involved in the 
induction, maintenance and termination processes in insects and mites 
(Denlinger, 2002; Tauber and Tauber, 1976). Whether arthropods decide to enter 
diapause, is mediated by a number of factors (as abovementioned) but the 
mechanisms how they perceive these signals remain widely ambiguous (Koštál, 
2011). Numerous studies (Hori et al., 2014; Morita and Numata, 1999; Saunders 
and Cymborowski, 1996; Shiga and Numata, 1997; Shintani et al., 2009) have 
focused on compound eyes, eye spots and brains as the photoreceptors for light 
perception in insects and mites, pointing at the diverse and complex mechanism 
in diapause induction. In general, insects and mites perceive light or dark impulses 
via photoreceptors in the head that allow them to recognize the conditions or 
seasons and adapt their development accordingly. Subsequently, these signals 
are measured by a photoperiodic time measurement system (Koštál, 2011; 
Saunders, 2012). Furthermore, the circadian clock is responsible for distinguishing 
long from short days in close collaboration with a system that counts the number 
of short days that have taken place (a counter system) (Goto and Numata, 2014). 
When the number of cycles exceeds a certain threshold for the counter system, 
endocrine effectors are induced to start initiating diapause (Meuti and Denlinger, 
2013) (see Figure 1-1 for an overview of this process).  
 
 
Figure 1-1: Long and short days are perceived by photoreceptors for the photoperiodic time measurement with 
involvement of the circadian clock. In the meantime, the counter system counts the number of photoperiodic 
cycles, establishing the photoperiodic clock. When the counter system exceeds a threshold, endocrine effectors 
are triggered and diapause is launched. Figure adapted from Goto and Numata (2014). 
 
In Drosophila melanogaster, the molecular machinery of the circadian 
clock are identified as ‘clock’ genes: timeless (tim), period (per), dClock (clk), cycle 
(cycl), together with two forms of an upstream photoreceptor, cryptochrome (cry-
d: the Drosophila CRY type and cry-2: the mammalian CRY type) are considered 
to constitute the photoperiodic time measurement (Dunlap, 1999; Meuti and 
Denlinger, 2013). Additionally, other circadian genes: vrille (vri), clockwork orange 
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(cwo), Par-domain protein 1 (Pdp1) and clock-controlled genes (ccg) also 
participate in the interlocked feedback loops of the clock. The ‘clock’ genes and 
the proteins they encode interact via complicated transcriptional-translational 
feedback loops with clk, cycl, tim and per fulfilling important roles. During the 
beginning of the scotophase, the mRNA levels of clk peak and the protein CLK 
forms a heterodimer with the CYCL to act as a transcriptional activator of tim and 
per, as well as other clock-controlled genes (vri, cwo, Pdp1 and ccg). 
Consequently, high levels of the proteins PER and TIM are generated and also 
form a heterodimer that supresses the CLK-CYCL activity. Furthermore, CRY1 is 
a light–sensitive photopigment and degrades TIM in a light-dependent matter 
generating a cascade in the central clock (Figure 1-2) (Goto and Numata, 2014; 
Koštál, 2011).  
 
 
Figure 1-2: The involvement of the circadian ‘clock’ genes in the photoperiodic time measurement in D. 
melanogaster. Figure adapted from Goto (2013). 
 
Current knowledge of other insect species’ circadian clock functioning is 
expanding and revealed the presence of the photo-insensitive CRY2 (Yuan et al., 
2007). Although experiments exposed differences in clock gene structure and 
clockwork functioning (see next references), the basic feedback-loop is  still widely 
conserved (Goto, 2013). RNA interference (RNAi) experiments in the bean bug, 
Riptortus pedestris, provide strong evidence that the circadian clock mechanism 
is essential for photoperiodic response. Experiments in the bean bug showed that 
when cycl was silenced, the bug induced diapause in both long and short days. 
Moreover, silencing per caused the bug to continue the reproduction in both 
conditions (Ikeno et al., 2011, 2010). Another example where the per gene is 
involved in photoperiodic diapause is found in the cricket Modicogryllus siamensis  
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(Goto, 2013) and the Northern house mosquito Culex pipiens (Meuti et al., 2015). 
On the other hand, studies in the linden bug Pyrrhocoris apterus (Doležel et al., 
2005) and D. melanogaster (Saunders et al., 1989), point out the impairment of 
the circadian clocks defining the induction of the diapause response. Therefore, 
other controlling mechanisms, like epigenetic processes including DNA 
methylation, small RNA interference and histone modification are also involved in 
the process of diapause initiation, maintenance or termination (Reynolds, 2017).  
 
1.3 The relevance of diapause research  
The domestication of plants has led to many agricultural crops with 
desirable traits for both quality and yield. Although selection and breeding 
improved the crop productivity, losses due to weeds, diseases and pest range can 
reach up to from 50% to 80% (Oerke and Dehne, 2004) of which herbivores reduce 
>20% of the net primary productivity by feeding on foliage, sap and roots (Agrawal, 
2011). Despite the increasing pesticide use worldwide (Bourguet and Guillemaud, 
2016), suppression of pest populations are frequently inadequate. The high costs 
of insecticides are greatly compensated by the benefits they provide but purchase 
costs are only one type of costs associated with their use. Spraying insecticides 
causes environmental and human health issues and in an integrated pest 
management, safer, environmentally friendly and sustainable options should be 
implemented if available. Among the opportunities are measures such as sterile 
insect technique (SIT) and biological control. The sterile insect technique is a 
control measure against serious pests that acts by introducing overwhelming 
numbers of sterile insects, preferably males in the environment. Biological control, 
on the other hand, releases populations of natural enemies and parasitoids in 
order to decrease pest populations. 
Before sterile males, natural enemies and parasitoids can be released, 
the production process involves a mass rearing protocol, which should be efficient 
and cost-effective. Unfortunately, mass rearing is often confronted with limitations 
like an obligate diapause or the necessity of immediate availability at the outbreak 
of an herbivore pest. The ability to stockpile a high number of mass-reared insects 
or mites is of major importance to achieve an on-time integrated pest 
management. Therefore, it is useful to control and understand diapause to use 
this as a tool to synchronize the availability of sterile males and beneficial insects. 
Diapause can be induced and maintained to overcome a time period in which the 
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stock is enlarging and should not yet be applied. When application is demanded, 
the enormous numbers of organisms could be released after diapause 
termination, something that can be executed by chemicals or by changing to 
suitable environmental conditions (Denlinger, 2002). Furthermore, an obligate 
diapause is a very limiting factor for mass-rearing facilities and research purposes 
and therefore more knowledge on the termination of several species could 
increase the efficiency and usability. For example, the commercial production of 
the bumblebee, Bombus terrestris was a long time hindered by the hibernation of 
the queen. In 1961, increased temperature and light intensity showed to be 
efficient to initiate a colony after only a short diapause (Velthuis and Doorn, 2006). 
Nowadays, an easier CO2-treatment is applied to circumvent or end hibernation of 
queens. This treatment quickly became a key instrument for the commercial 
rearing of bumblebees (Röseler, 1985). Instead, when winters are mild, it has been 
observed that some populations of B. terrestris produce a 2nd generation without 
diapause (Beekman et al., 1999). Furthermore, they can actively forage 
throughout this cold season on flowering shrubs (Stelzer et al., 2010). On the other 
hand, diapause in combination with cold preservation could be also implemented 
to maintain and preserve stable genetic lines of insects and mites as an alternative 
for the labour-intensive mass rearing (Denlinger, 2008). 
Another aspect that is considered to be important for diapause and winter 
survival is the increased temperature due to climate change and global warming. 
An increase of 1 to 3.5°C by 2100 (Hughes, 2000) will influence the distribution of 
insects and mites significantly. For organisms with a facultative diapause, 
photoperiod is the main cue for inducing diapause but also extreme temperatures 
could influence the onset and termination of diapause (Bale and Hayward, 2010). 
Although day length will be unaffected by climate change, the effectiveness as a 
primary cue for inducing diapause in temperate and polar zones will diminish. A 
study on the blowfly, Calliphora vicina that displays a maternal induced larval 
diapause, showed the inhibiting effect of warm temperatures on short-day kept 
parents (Nunes and Saunders, 1989), especially for bowflies collected in 
temperate regions (Mcwatters and Saunders, 1998). Additional experiments in C. 
vicina, indicated that higher autumn temperatures during diapause induction 
resulted in reduced cold capacity parameters for diapausing larvae. These 
observations suggest that higher temperatures will affect the winter survival in the 
bowfly (Coleman et al., 2014). Also in T. urticae, this conclusion was based on the 
observation that diapause was not induced when mites were kept at 25°C in a 
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12L:12D regime, but at 15°C in the same light regime, diapause incidence was 
complete (100%) (Veerman, 1977). In a wide range of insects and mite species, 
low temperature can cause higher diapause incidence and longer diapause with 
temperature being a stimulus of secondary importance which cannot induce 
diapause itself.  
Warmer temperatures during the sensitive stage for inducing diapause, 
cause a shorter development time as well. This implies that the diapause sensitive 
stages are exposed to fewer cycles of photoperiods affecting the ‘decision’ to enter 
diapause and potentially abandoning the initiation when certain threshold 
temperatures are exceeded (Mcwatters and Saunders, 1998). Species colonizing 
temperate and subpolar regions, that are dependent on diapause for overwintering 
survival, will be confronted with difficulties coping with cold stress and low 
temperatures when not entered in developmental arrest. During diapause, the 
higher temperatures due to climate warming influence the metabolic rates of 
certain insects as well, causing a mismatch between the production and utilization 
of polyol (or polyhydric alcohols are organic compounds containing multiple 
hydroxyl groups) that results in a higher winter mortality (Han and Bauce, 1998). 
The timing of diapause termination and the emergence in early spring also has the 
tendency to change when temperatures are increasing. Older studies with the 
flesh fly, Sarcophaga crassipalpis, showed that the diapause duration is shorter 
when this fly was exposed to high temperatures during diapause (Denlinger, 1972, 
p. 197). In this framework, a review about energetics of insect diapause 
emphasized that lower temperatures are useful to reduce the energetic cost during 
diapause, saving the nutrient reserves to initiate the post-diapause processes 
(Hahn and Denlinger, 2011).  
For insects and mites, diapause is an essential mechanism to survive 
seasonal adversity and disruption of the synchronization as a result of climate 
change can have major impact on the plant-insect herbivore interactions (Gallinat 
et al., 2015) and our ecosystem. 
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2 Diapause in mites: a focus on Tetranychus urticae 
The Tetranychidae, or spider mites, are a large cosmopolitan family of 
terrestrial herbivorous arthropods that feed on an enormous variety of plants 
worldwide. It belongs to the subclass of the Acari (mites and ticks) and represents 
a very diverse collection of more than 40 000 described species (Walter and 
Proctor, 2013). The first potential chelicerates that can be considered  close 
ancestors of  mites are dated back to 530-550 million years ago, a time period 
called ‘the Cambrian Explosion’ (Walter and Proctor, 2013). In this era, plenty of 
animal phyla underwent a tremendous explosion of diversification. Also the mites 
took the opportunity to colonize any ecosystem on earth, from the deepest oceans 
to the highest mountain peaks (Giribet and Edgecombe, 2012). The Acari include 
mites with divergent lifestyles; ranging from plant-feeding herbivores to parasites 
and predators with some species being the most important vectors of human 
diseases after the mosquitoes (Walter and Proctor, 2013). 
Tetranychus urticae, the two-spotted spider mite, is a well-known 
member of the Tetranychidae family because of its agricultural relevance: it is a 
generalist herbivore that feeds on more than 1,400 plant species in 70 genera and 
140 different plant families (Jeppson et al., 1975), and is a major pest of many 
crop plants (Van Leeuwen and Dermauw, 2016). T. urticae has a short life cycle 
with a mean generation time of 6 days at 27°C on kidney bean (Phaseolus vulgaris 
L.) (Bounfour and Tanigoshi, 2001; Riahi et al., 2013). It displays arrhenotokous 
parthenogenesis – unfertilized eggs develop into haploid males whereas fertilized 
eggs produce diploid female offspring (Carey and Bradley, 1982; Riahi et al., 
2013). The life cycle consists of the four typical stages of acarid development: 
adult, egg, larva, and nymph. The nymphal stage has two instars: protonymphs 
that molt into deutonymphs. In between larval, nymphal and adult stages, three 
immobilized chrysalid phases occur (protochrysalis, deutochrysalis and 
teliochrysalis (last phase before moulting into adults)) before entering to the next 
mobile stage (see Figure 1-3).  
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Figure 1-3: Life cycle for Tetranychus urticae from egg to adult. The three active stages (larvae, protonymph and 
deutonymph) are separated by immobilized stages (protochrysalis, deutochrysalis and teliochrysalis – not shown) 
before molting to adulthood. Figure redrafted from Reddy (2016) 
 
Spider mites are especially prevalent in temperate zones (Navajas et al., 
1998), where they commonly feed on deciduous vegetation available only in the 
summer months. Therefore, many populations of T. urticae undergo a facultative 
reproductive diapause to survive inhospitable winter conditions. On the other 
hand, spider mites occurring in warm climates at lower latitudes have often lost 
the ability to enter diapause (Takafuji et al., 1991). Juvenile stages respond to 
diapause inductive cues, such as long nights and low temperatures, and 
subsequently molt to become diapausing adults. Only female mites undergo 
diapause, suspending ovarian development (Kawakami et al., 2009) and gradually 
changing their greenish-yellowish body color to bright orange (Veerman, 1985) 










Figure 1-4: : Left picture; adult summer female of T. urticae feeding on a bean leaf. Right picture: adult female of T. 
urticae in diapause displaying the typical orange color, caused by ketocarotenoids accumulation. Photo credits: Jan 
Van Arkel (UVA, the Netherlands). 
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This striking pigmentation is caused by an accumulation of 
ketocarotenoids (Veerman, 1974) and recent research has shown that imaginal 
feeding (feeding after the last molt) is required for the canonical orange color of 
diapausing females (Kawaguchi et al., 2016). At this stage, female mites become 
positively geotactic (Foott, 1965) and avoid UV radiation, causing them to seek 
shelter in bark, cracks and loose soil (Parr and Hussey, 1966; Suzuki et al., 2013). 
Older studies mention several morphological and physiological changes as well. 
During diapause, fat is deposited in the body tissue (Boudreaux, 1963), and the 
structure of the integumentary striae on the dorsal cuticle alters, causing a 
significant reduction of the evaporation rate (Boudreaux, 1958; Pritchard and 
Baker, 1952). This may explain diapausing females’ increased tolerance to 
dessication (Ghazy and Suzuki, 2014). Moreover, the stigmata on the cuticle 
close, also limiting transpiration (McEnroe, 1961), and potentially enabling 
diapausing females to withstand anoxic pest control treatment (Suzuki et al., 
2015). Khodayari et al. (2012) also showed that diapausing females are more 
tolerant to cold exposure than are non-diapausing “summer” females .  
The strongest signal for inducing diapause in the two-spotted spider mite 
is a shift in photoperiod to long nights. In continuous darkness and 18°C, diapause 
is not induced while changing the photo-phase to maximum 13.25 hours results in 
nearly 100% diapause. When photo-phases were prolonged to 14.5 hours and 
longer, diapause in T. urticae was completely abolished (Veerman, 1977). In the 
same study, the photoperiodic sensitivity of the developmental stages was 
investigated and showed that exposing only the larval stage to short days is 
insufficient to induce diapause. When both larval and protonymphal stages were 
maintained under long night conditions (10L:14D), diapause could be induced but 
the sharp transition to 100% of diapause was only observed when deutonymphs 
were also exposed to this condition. Supplementary experiments with varying 
hours of light during constant darkness and exposing different stages to short 
days, indicated that sensitivity to photoperiod is already present in the larval 
stages, increasing in the protonymph stage until reaching a maximum at the 
immobile deutochrysalis stage. Subsequently, a hypothesis was formulated that a 
critical number of dark-light cycles was counted by a ‘photoperiodic counter’ to 
induce a high percentage of diapause. This theory was confirmed by a study of 
Kroon et. al (1997), that showed that 100% of diapause induction was possible 
when the mites were subjected to at least 16 dark-light cycles. The number of 
cycles also increased with the length of the scotophase (the dark phase in the 
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cycle of light and darkness) in order to induce diapause in 50% of the spider mites 
(Kroon et al., 1997). This cue, along with the physiological and molecular bases 
underlying photoperiodism found in T. urticae, were recently reviewed by Goto 
(2016). 
In addition to photoperiod, other cues can enhance the onset of diapause 
in T. urticae such as temperature, food quality and food quantity (Veerman, 1991). 
Predation risk has also been shown to increase diapause induction in T. urticae, 
as the diapause incidence goes up on detached bean (P. vulgaris L.) leaves 
cohabited by the predatory mite Typhlodromus pyri (Kroon et al., 2004). 
Thermoperiod (changing temperature regimes) is considered a much weaker 
circadian entrainer than the photoperiod (Saunders, 2010), but it is still able to 
induce diapause in certain insect species (Wang et al., 2007). In T. urticae, the 
thermoperiod alone cannot induce diapause in complete darkness (Veerman, 
1977), but is able to do so when the thermophase co-occurs with orange-red light, 
which also cannot entrain the circadian oscillator or induce diapause on its own 
(Veerman and Veenendaal, 2003). This illustrates cooperation between the 
photoperiod and the thermoperiod in mite diapause, while highlighting the 
subordinate role of temperature to light. Host plant choice and nutrient availability 
also affect diapause incidence in spider mites. For example, T. kanzawai is less 
likely to diapause when grown on an established host, the kidney bean (P. 
vulgaris), than when fed on a more challenging host, the Japanese orixa (Orixa 
japonica), on which the mite displays lower fitness and longer development times 
(Ito and Saito, 2006). These studies validate the established hierarchy of the 
environmental triggers of diapause: photoperiod is the most important, 
temperature modulates the effects of the photoperiod, and resource availability 
can adjust the influence of temperature (Denlinger, 2002). 
In this introductory chapter on T. urticae diapause, we give an overview 
of the molecular changes that occur during diapause as revealed by recent studies 
using several ‘-omics’ approaches. We then discuss the carotenoids of mites, 
mutants that alter their metabolism, and review the evidence for their role in 
photoperiodic induction of diapause. From there, we review what is known about 
natural variation of diapause incidence in T. urticae populations. While T. urticae 
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2.1 Gene expression, metabolic and proteomic changes during 
diapause 
Several studies have reported on gene expression and proteomic 
changes during diapause in insects and mites across species and life stages 
(Colinet et al., 2012; Flannagan et al., 1998; Poelchau et al., 2013a; Wolschin and 
Gadau, 2009; Yocum et al., 2005). The study by Ragland et al. (2010) compared 
diapause responses across the dipterans Sarcophaga crassipalpis, Drosophila 
melanogaster, and the dauer stage of the nematode Caenorhabditis elegans. 
Although the three species exhibit very different diapause strategies, comparisons 
of diapause and non-diapause phenotypes showed that diapause almost always 
involves an upregulation of stress responses coupled with metabolic depression. 
Additional studies of different taxa with diverse diapause strategies are 
needed to more broadly define which modifications of the diapause program are 
conserved, and which can vary. In this context, examining the regulation and 
physiological status of diapause in T. urticae is noteworthy, and a study of Zhao 
et al. (2016) have done so with techniques like RNA-seq, GC-MS and iTRAQ with 
2D-LC-ESI/MS/MS, both in early and late time points in diapause. In this study, 
diapause was induced at 20°C in long night conditions (8L:16D) and diapausing 
mites were examined at day 3 (D3) and day 13 (D13) of the adult stage. The 
control group in this study consisted of 3-day old reproductive females (R3), reared 
at 20°C but under a non-inducing photoperiod (16L:8D). Both RNA and protein 
abundance were assessed for each treatment (D3, D13 and R3). Additionally, 
metabolic profiling data for diapausing and non-diapausing mites, at several 
different temperatures and with a more involved design, has also been reported 
(Khodayari et al., 2013). Below, we synthesize the findings of these studies to 
glean insights into the major mechanisms that play an important role during the 
initiation and maintenance phase of diapause in T. urticae.  
Diapause is typically characterized by suppression of metabolism and an 
arrest in feeding. Analysis of the RNA-seq based transcriptomic data of Zhao et 
al. (2016) by KOG classification revealed that the metabolism was drastically 
affected. The study reports a shutdown of carbohydrate metabolic processes at 
the RNA level, and this aspect of metabolic reprogramming was most noticeable 
in diapausing females at 13 days (Zhao et al., 2016). Interestingly, in their 
metabolomics dataset Khodayari et al. (Khodayari et al., 2013) also observed 
changes in carbohydrates associated with diapause and cold acclimation, but with 
 ______________________________________________  Diapause in Tetranychus urticae 
17 
marked differences depending on the type of sugar. Notably, the authors observed 
an increase of glucose, mannitol, maltose, and inositol in diapausing females, 
while an enrichment of glycerol, arabitol, mannose, ribose, and fructose was 
observed in non-diapausing females. This study also reported reduced TCA cycle 
intermediates in diapausing females (Khodayari et al., 2013), an expected finding 
as a canonical feature of diapause is a hypometabolic state related to energy 
conservation.  
Across a wide range of taxa, a major adaptation to diapause associated 
with overwintering is the ability to survive low temperatures, and it is abundantly 
reflected in the genomic and metabolomics data. As mentioned above, while a 
shutdown in some carbohydrate pathways was observed, some sugars and 
polyols were found in a higher concentration in  diapausing mites (Khodayari et 
al., 2013), including some known to function as cryoprotectants as reported in 
studies on other arthropods (Chino, 1957; Koštál, 2011; Michaud and Denlinger, 
2007). Cold tolerance and acclimation studies in T. urticae have also revealed 
changes in the supercooling point [SCP, which represents the temperature at 
which body water freezes following cooling (Sinclair et al., 2003)] and lethal 
temperatures (LT) between diapausing and non-diapausing females (Khodayari et 
al., 2012). For instance, the diapausing mites showed a lower SCP than non-
diapausing mites, and in these non-diapausing mites, an acclimation to 0°C and 
5°C was observed to significantly lower the SCP. When the females were exposed 
to acute cold stress, a similar trend was found, with enhanced survival in 
acclimatized non-diapausing mites but with diapausing mites displaying a higher 
survival at lower temperatures. In the metabolic study of Khodayari (2013), inositol 
was one of the sugars that was substantially more prominent in diapausing 
females. This could point to a cryoprotective function for this molecule in T. urticae, 
consistent with reports in insects and spiders (Koštál et al., 2007; Tanaka, 1995; 
Wang and Kang, 2005).  
Another finding of Zhao et al. (2016) was the significant differential 
expression of genes and/or proteins related to cytoskeletal organization, with three 
day old diapausing females showing a greater number of upregulated genes than 
13 day old diapausing females (Zhao et al., 2016). Genes and proteins with altered 
abundances include the thick (myosin heavy chain, myosin alkali light chain, 
myosin regulatory light chain) and thin (actin, troponin and tropomyosin) filaments 
and microtubules of the cytoskeleton. An increase in actin was detected 
throughout diapause, reminiscent of previous studies with Culex pipiens during 
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early diapause (Kim et al., 2006; Robich et al., 2007). Another group of genes 
upregulated during diapause that are involved in actin-cytoskeletal organization 
are the muscle-specific proteins (MSPs), with T. urticae MSP20, MSP30 and titin 
upregulated, a finding also noted in the metabolic and proteomic profiling of 
diapause in the aphid parasitoid Praon volucre (Colinet et al., 2012). The RNA-
seq study of Zhao et al. (2016) observed the upregulation of MSP20 genes 
exclusively in early diapause. In insects, the significance of changes in expression 
of genes associated with muscle function or the cytoskeleton upon diapause has 
remained largely speculative. The relevance of altered expression of muscle-
structural genes in T. urticae diapause is also not known, although Zhao et al. 
(2016) propose that elevated expression of muscle-structure genes may enhance 
muscle stability in anticipation of impending low temperatures. As part of 
behavioural differences that occur at the onset of diapause, spider mites can move 
from vegetation to the soil to overwinter (even moderate distances are impressive 
for spider mites that are about 0.6 mm in length). While speculative, it is also worth 
considering if diapause-induced changes in the cytoskeleton might be associated 
with the physical demands of relocation to suitable winter microhabitats.  
Initiation of diapause and the molecular mechanisms underlying 
photoperiodism in T. urticae have been investigated, but major uncertainties 
remain (Goto, 2016). The signal transduction for this adaptation is generally 
caused by chemical messengers including neurotransmitters and hormones. In 
Bombyx mori, the embryonic diapause is regulated by a diapause hormone (DH) 
that is secreted in the mother’s suboesophageal ganglion and showed to be the 
first identified neuropeptide (Yamashita, 1996). Also in the Helicoverpa/Heliothis 
complex (Zhang et al., 2015) a DH was present, but the peptide was only abundant 
in the non-diapausing pupae and was associated with the termination of diapause. 
For both insect species, a G-protein coupled receptor for diapause (DHR) was 
also characterized (Homma et al., 2006; Zhang et al., 2015).  Later on, 
homologues of the DHR were also identified in Ostrinia nubilalis (Nusawardani et 
al., 2013), Aedes aegypti (Choi et al., 2013), Anopheles gambiae (Olsen et al., 
2007), and Rhodnius prolixus (Paluzzi and O’Donnell, 2012) and confirmed 
through receptor functional assays for O. nubilalis, A. aegypti, R. prolixus, 
although involvement in diapause signal transduction requires experimental 
validation. On the other hand, reproductive diapause is often regulated by the 
absence of juvenile hormone (JH) that regulates reproduction in insects 
(Denlinger, 2002). To date, no T. urticae DH ortholog has been identified, and the 
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gene CYP15A1 coding for an enzyme necessary for producing JH has not been 
discovered in T. urticae. This suggests that other molecules such as methyl 
farnesoate, a precursor of JH that is known to be the reproductive hormone in 
crustaceans (Laufer et al., 1992), could fulfil this task (Grbić et al., 2011). A recent 
review (Goto, 2016) postulated that methyl farnesoate may be sufficient to alter 
neurosecretory action, potentially suppressing the production of ponasterone A, a 
potential endocrine effector of diapause, but this needs to be experimentally 
validated. 
Furthermore, in the gene expression study (Zhao et al., 2016), the 
expression levels of several G protein–coupled receptors (GPCRs) for 
neuropeptides involved in signal transduction were altered in expression. 
Specifically, the genes encoding for receptors for octopamine, neuropeptide F, 
proctolin and tachykinin were found to be upregulated during early diapause but 
not during late diapause, pointing to their possible involvement in signal 
transduction related to diapause induction. Another finding by Zhao et al. (2016) 
related to signaling was that genes associated with Ca2+ were often changed in 
expression. Calcium is known to be involved in numerous cell processes, including 
in neuronal signaling (Brini et al., 2014), and its role in diapause (induction or 
associated metabolic or physiological restructuring) warrants additional study.  
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2.2 Carotenoids of spider mites and diapause 
Even as high-throughput “-omic” analyses have established major gene 
regulatory and metabolic reprogramming during diapause, functional studies 
linking specific genes and pathways to diapause induction, maintenance, and exit 
remain largely absent. One exception is the carotenoid metabolism. By the early 
1960s, it was known that carotenoids contribute to the yellow body and red eye 
color of spider mites (Metcalf and Newell, 1962), and mutants affecting carotenoid 
accumulation were identified soon afterwards (Zon and Helle, 1966a, 1966b). As 
bright orange body color is the visual hallmark of reproductive diapause in 
females, several questions were obvious. Is carotenoid accumulation required for 
diapause? And if so, which carotenoid compounds are involved, at what steps, 
and what is their role? 
Carotenoids include a wide variety of yellow, orange and red pigments, 
and are seen throughout the animal kingdom (Toews et al., 2017). Numerous 
bacteria, fungi, and nearly all algae and plants, synthesize carotenoids de novo 
(Avalos and Carmen Limón, 2015; Esteban et al., 2015). In almost all animals, 
carotenoids are obtained from the diet, and likely have a number of functions 
(Toews et al., 2017). Two of these – roles in light perception and as antioxidants 
– are discussed following a summary of what is known about spider mite 
carotenoids and the mutations that impact their metabolism. 
The first of a series of comprehensive studies on the carotenoids of 
spider mites was performed by Alfred Veerman in T. cinnabarinus (Veerman, 
1970). In these mites, females are normally red and non-diapausing, and recent 
work suggests that T. cinnabarinus is likely a color morph of T. urticae (Auger et 
al., 2013). Using analytical methods including thin layer chromatography 
(Veerman, 1970), a pathway starting from β-carotene and resulting in the 
ketocarotenoid astaxanthin was postulated (Figure 1-5, panel A). No animals were 
known to make their own carotenoids at the time, and Veerman proposed that β-
carotene, which is abundant in plant tissue, was obtained from the diet. As they 
were absent from leaf material, several ketocarotenoids downstream of β-
carotene were inferred to be produced by mites (Veerman, 1970). Subsequently, 
work in T. urticae, as well as in its congener T. pacificus, corroborated the 
proposed pathway (Veerman, 1974, 1972). While minor carotenoids, putative 
intermediates, and carotenoid esters were also detected in these studies, for 
simplicity only the major mite carotenoids reported in T. urticae (Veerman, 1974) 
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are shown in Figure 1-5A. The proposed pathway is generally consistent with more 
recent studies, e.g., the ketocarotenoids 3-hydroxyechinenone and astaxanthin 
have recently also been detected in T. urticae using HPLC (Kawaguchi et al., 
2016). 
 
Figure 1-5: Carotenoid metabolism in Tetranychus species and impact of seven T. urticae pigmentation 
mutations.  (A) Pathway for the synthesis of ketocarotenoids as inferred in T. cinnabarinus (Veerman, 1970). The 
major carotenoids that could be quantified are shown; for minor carotenoids as well as putative intermediates, 
see Veerman (Veerman, 1970) and additional studies with T. pacificus and T. urticae (Veerman, 1974, 1972). (B) 
Presence of β-carotene and ketocarotenoids in mutants of T. urticae (Veerman, 1974) under non-diapause 
inducing conditions (compare to panel A). Mutants with similar carotenoid profiles are grouped as indicated with 
alternative shading. Mutant abbreviations are: albino (a), pigmentless (p; also called “albino 2”), lemon (l), white 
eye 1 (we), white eye 2 (w), stork (st), and flamingo (f). WT (far left) indicates wildtype. 
 
As male spider mites are haploid, recessive phenotypes are immediately 
exposed in males. This feature of spider mite biology made it relatively easy to 
recover collections of recessive pigmentation mutants in both T. pacificus and T. 
urticae (Ballantyne, 1969; Veerman, 1974, 1972; Zon and Helle, 1966a, 1966b). 
The mutants identified in T. urticae, along with the carotenoid profile of each 
mutant, are summarized in Figure 1-5B (Veerman, 1974). Strikingly, three mutants 
lacked all mite-derived ketocarotenoids, and all lacked (or partially lacked) red 
color in the eyes (Figure 1-5, Figure 1-6). Two colorless albino mutants – albino 
and pigmentless – had entirely white bodies (both the body and the eyes; Figure 
1-6), and in crosses were epistatic to all other mutants (indicating a requirement 
at the beginning of the pathway) (Veerman, 1974). Interestingly, crosses with 
albino mites demonstrated that some pigment can be maternally transmitted (Zon 
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and Helle, 1966a). Although β-carotene was detected in the bodies of albino spider 
mites, whether it was of plant or mite origin could not be determined (feeding mites 
were used, with β-carotene rich plant material in the gut) (Veerman, 1974, 1972, 
1970). An additional T. urticae mutant, lemon, was yellow, the color of β-carotene 
itself, suggesting that the product of the lemon locus controls (an) initial step(s) in 
the conversion of β-carotene to ketocarotenoids. Likewise, two phenotypically 
indistinguishable mutants termed white eye 1 & 2 revealed a specific block in the 
production of astaxanthin, the terminal and most oxygenated carotenoid in the 
pathway (Veerman, 1974). As the white eye mutants lacked red eyes, this 
suggests that spider mites owe the red color of their eyes to astaxanthin, which is 
known to be bright red-orange in color similar to that of spider mite eyes (Alcaino 
et al., 2014). Finally, mutants like stork and flamingo may impact other aspects of 
carotenoid metabolism or transport, as they have aberrant localization of color, 
even though the complete carotenoid blend observed in wildtype animals could be 
detected in these mutants (Figure 1-5B) (Veerman, 1974, 1972). 
 
wildtype albino (a) / pigmentless (p)
lemon (l) stork (st) white eye 1 (we) & 2 (w)
ND D M,D










 ______________________________________________  Diapause in Tetranychus urticae 
23 
Figure 1-6: Level and distribution of pigmentation in T. urticae mutants.  Specific mutants and pigmentation 
intensities in non-diapausing (ND) and diapausing (D) mites are as indicated (the wildtype pattern is shown for 
reference, upper left). Unless otherwise noted, the representations are based on the written descriptions of T. 
urticae pigmentation mutants by Veerman (Veerman, 1974), as well as on earlier drawings of a subset of 
phenotypically analogous mutants reported by Zon and Helle (1966b) in T. pacificus. The “p” locus designation, 
standing for pigmentless in T. pacificus (Veerman, 1972), is also referred to as “albino 2” in T. urticae by Veerman 
(Veerman, 1974) (for simplicity, “pigmentless” is used ). Where different mutants are grouped together, their 
pigmentation phenotypes are indistinguishable (e.g., albino and pigmentless, and white eye 1 and white eye 2). 
For ease of visualization, the anterior and posterior eyes are grouped as single, enlarged circles. White circles 
indicate complete absence of eye pigmentation, with black indicating bright red color; maternal inheritance of eye 
color from heterozygous females (which are phenotypically wildtype) has been reported for colorless (albino) 
mutants in T. pacificus (the eyes are faint red, even though the body is white) (Zon and Helle, 1966a). Except 
albino and pigmentless, diapausing mutant mites are darker pigmented than non-diapausing mites; in addition to 
pigment intensity (indicated by stippling, see scale at bottom), the specific hue of color in diapausing mites by 
mutant class is as indicated in parentheses (Veerman, 1974). The flamingo mutant phenotype is not shown, but 
was reported to be similar to stork with the exception that some red eye pigment is present, especially in the 
anterior eyes (Veerman, 1974).  
 
The isolation of pigment mutants allowed tests for roles of carotenoids in 
diapause. Specifically, induction was assessed, as carotenoids are the precursor 
for vitamin A (the visual chromophore), and it is known that mites must perceive 
light to enter diapause (Veerman, 1991, 1977). Strikingly, while most mutants 
could enter diapause normally (Figure 1-6), the incidence of diapause induction 
was low for albino mites (Veerman, 1980). Further, when raised on an artificial diet 
entirely lacking carotenoids, almost no albino females could enter diapause under 
inducing conditions; however, partial diapause induction was restored if the 
medium was supplemented with β-carotene, and nearly 100% of mites diapaused 
when vitamin A alone was added (Bosse and Veerman, 1996). These studies 
suggest that albino mites are defective in an initial step in β-carotene metabolism 
or utilization. Moreover, the fact that vitamin A restored diapause suggests that 
the sole role for β-carotene in induction is related to light perception (Bosse and 
Veerman, 1996; Veerman, 1991), and β-carotene is well established as the most 
potent pro-vitamin A carotenoid (Harrison, 2012). 
As assessed by Veerman (Veerman, 1974) and more recently 
Kawaguchi et al. (2016), mite derived ketocarotenoids such as brightly colored 
astaxanthin are strongly upregulated upon diapause induction, thus underlying the 
striking orange color of induced females. Unlike β-carotene, ketocarotenoids like 
astaxanthin are (presumably) not pro-vitamin A carotenoids in mites, and the roles 
of ketocarotenoids in spider mite diapause remain unclear. However, it has widely 
been postulated that in animals xanthophyll carotenoids (those containing oxygen, 
including ketocarotenoids) protect against oxidative stress (Alcaino et al., 2014; 
Demmig-Adams and Adams, 2002; Esteban et al., 2015). Notably, 
ketocarotenoids including astaxanthin have been shown to have markedly higher 
reactive radical scavenging activity than carotenes (hydrocarbon carotenoids) 
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including β-carotene (Naguib, 2000). Interestingly, Suzuki (2009) demonstrated 
that diapausing T. urticae females are less sensitive than non-diapausers to UV 
light that induces reactive oxygen species, and suggested that carotenoids 
facilitate survival of overwintering mites that may have increased UV exposure 
after leaf fall. Consistent with this idea, carotenoid content positively correlates 
with UV exposure by latitude in the ascomycete fungus Neurospora (Luque et al., 
2012). Nevertheless, carotenoids might be protective against many sources of 
stress during diapause. Mutations in the carotenoid pathway in spider mites, such 
as the lemon and the white eye mutants, should facilitate studies on the roles of 
carotene and xanthophyll carotenoids in diapause after the induction step.  
 
2.3 Horizontal transfer of carotenoid biosynthetic genes, and other 
aspects of carotenoid metabolism 
While carotenoid biosynthesis is widespread in plants, algae, and some 
bacteria and fungi, animals were not known to synthesize their own carotenoids 
(Fukatsu, 2010). This changed in 2010 with the startling discovery of carotenoid 
biosynthesis genes in the pea aphid, Acyrthosiphon pisum (Moran and Jarvik, 
2010). Phylogenetic studies revealed that three fused carotenoid cyclase-
carotenoid synthase genes and four carotenoid (phytoene) desaturase genes in 
the A. pisum genome were acquired through horizontal gene transfer from a fungal 
source (Moran and Jarvik, 2010). The genomic arrangement of the biosynthesis 
genes, such as their divergent orientation of transcription, is only known in fungi, 
further confirming the source of the lateral transfer (Moran and Jarvik, 2010). 
Subsequently, the carotenoid desaturase gene was shown to be widespread in 
aphids, and to be present in their closest relatives, the adelgids (Novakova and 
Moran, 2012). Gall midges were subsequently also shown to have acquired similar 
carotenoid cyclase-synthase and desaturase genes from a fungal source (Cobbs 
et al., 2013). 
Soon after the seminal discovery in aphids, genes for carotenoid 
biosynthesis of fungal origin were also detected in the T. urticae genome, and are 
present in two clusters on scaffolds 1 and 11 (Figure 1-7) (Grbić et al., 2011). On 
scaffold 1, a carotenoid desaturase (tetur01g11270) and a fused carotenoid 
cyclase/synthase (tetur01g11260) are present in the canonical genomic 
arrangement observed in aphids. On scaffold 11, two carotenoid desaturase 
genes (tetur11g04810 and tetur11g04820), one pseudogene (tetur11g04830) and 
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one carotenoid cyclase/synthase (tetur11g04840) are present in an atypical 
arrangement. Strikingly, a unique intron-exon structure is observed in both spider 
mite and aphid carotenoid biosynthetic genes, reflecting a recent shared ancestry 
(Grbić et al., 2011). In contrast, the intron-exon structure of the genes in gall 
midges differs (Cobbs et al., 2013). In phylogenetic reconstructions using the 
sequences from all three taxa, T. urticae proteins from the scaffold 1 cluster fell in 
well-supported clades with the respective carotenoid biosynthesis enzymes of 
insects, with branch lengths representative of aphid or gall midge homologs 
(Cobbs et al., 2013). In contrast, some of the sequences encoded by the scaffold 
11 cluster either had long branch lengths (which can indicate divergent or relaxed 
selection), or fell outside of clades including T. urticae scaffold 1, aphid, gall midge, 
and fungal sequences (although they were still distinct from bacterial sequences) 
(Cobbs et al., 2013).  
 
 
Figure 1-7: Genomic structure and organization of horizontally transferred carotenoid biosynthesis genes in T. 
urticae. Carotenoid biosynthesis gene clusters located on scaffolds 1 and 11 as indicated (cyclase/synthase fusion 
gene, CS; phytoene desaturase, PD). The direction of the genes is as indicated, with dark shading denoting 
coding sequences and light shading introns. 
 
One study examined expression patterns of the T. urticae carotenoid 
biosynthesis genes. Altincicek et al. (2012) investigated the expression pattern of 
two of the five genes during diapause (tetur01g11260 and tetur01g11270 in the 
scaffold 1 cluster). Both green and red morphs (respectively T. urticae species that 
exhibit a green and red body color) were included, and under non-diapausing 
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ones. Further, a moderate upregulation of tetur01g11260 and tetur01g11270 was 
observed in diapausing females as compared to non-diapausing ones. Coupled 
with the phylogenetic findings (Cobbs et al., 2013), the expression study raises 
the possibility that the two T. urticae gene clusters have diverged markedly in 
function (or possibly that some scaffold 11 genes are cryptic pseudogenes). 
Whether the horizontally transferred carotenoid biosynthetic genes in T. 
urticae are functionally involved in diapause remains unclear. However, several 
related questions arise: do disruptions in these genes underlie any of the classic 
pigmentation mutants described by the early spider mite geneticists (Ballantyne, 
1969; Veerman, 1974, 1972; Zon and Helle, 1966a, 1966b)?  And if not, what 
other genes do? In informing the first question, studies of pigment mutants in fungi 
are informative, as the lateral gene transfer events to arthropods were of fungal 
origin. Interestingly, the terminal product of carotenoid synthesis in the fungus 
Xanthophyllomyces dendrorhous is astaxanthin, and as a result X. dendrorhous is 
normally orange (Niklitschek et al., 2008). However, disruption of both the X. 
dendrorhous carotenoid cyclase-synthase (encoded by crtYB) and phytoene 
desaturase (encoded by crtI) result in a lack of pigment (Niklitschek et al., 2008), 
and hence a whitish color reminiscent of the albino mutants in spider mites. It is 
therefore possible that disruptions in the horizontally transferred carotenoid 
biosynthesis gene clusters of T. urticae might underlie albino phenotypes. Given 
the clustered nature of the carotenoid biosynthesis genes in the T. urticae 
genome, it is also worth noting that the albino and pigmentless mutants were 
shown to be extremely tightly linked (Ballantyne, 1969). Additionally, the loss of all 
red pigment in a red strain of the aphid A. pisum was associated with a coding 
change that spontaneously arose in one of the aphid carotenoid desaturases 
(Moran and Jarvik, 2010). Downstream of the action of the enzymes needed for 
de novo β-carotene synthesis, fungi (including X. dendrorhous) use a cytochrome 
P450 enzyme for conversion of β-carotene to astaxanthin (Avalos and Carmen 
Limón, 2015; Niklitschek et al., 2008). Moreover, two recent studies have 
implicated P450 enzymes in birds as required for oxidation steps leading to the 
ketocarotenoids (including astaxanthin) found in ornamental structures including 
feathers and beaks or in the oil droplets of the avian eye (Lopes et al., 2016; 
Mundy et al., 2016). The genome of T. urticae is rich in P450s (Grbić et al., 2011), 
and these enzymes are obvious candidates to underlie pigmentation mutants such 
as lemon and white-eye 1 and 2 that affect ketocarotenoids (Figure 1-5 and Figure 
1-6). 
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Finally, non-biosynthesis genes affecting carotenoid metabolism are 
undoubtedly important. For instance, even if the laterally transferred carotenoid 
biosynthesis genes produce carotenoids in spider mites, dietary sources cannot 
be ruled out (or both could be important). Genes involved in carotenoid transport 
(from the gut, or to target tissues) are likely important in mite physiology including 
diapause, and mutants like stork have phenotypes that could reflect transport 
defects (Figure 1-6). The mechanisms and proteins implicated in the uptake, 
movement, and delivery of carotenoids to target tissues have recently been 
reviewed [see (Toews et al., 2017; von Lintig, 2012) and references therein], and 
a comprehensive discussion is beyond the scope of this introductory chapter.  
Nevertheless, it is noteworthy that the T. urticae genome encodes a number of 
proteins that have been associated with carotenoid transport in vertebrates, 
invertebrates, or both. For example, scavenger B receptors are now firmly 
established in insects including D. melanogaster and B. mori, as well as in 
vertebrates, as having specific roles in the uptake and tissue-specific delivery of 
carotenoids (Kiefer et al., 2002; Sakudoh et al., 2013, 2010; Toews et al., 2017). 
Several proteins with homology to these receptors are encoded in the T. urticae 
genome (e.g., tetur04g08760, tetur10g02420, and tetur13g00340). Additionally, 
while movement of hydrophobic carotenoids is mediated by major lipoprotein 
complexes in the blood of vertebrates or the hemolymph of insects (Parker, 1996; 
Tsuchida et al., 1998), specific binding partners have also been implicated in 
tissue or cell-type delivery or sequestration (Cianci et al., 2002; Li et al., 2011; 
Tabunoki et al., 2004). An example of one such specific interaction comes from 
crustaceans, were the lipocalin β-crustacyanin is known to bind astaxanthin, and 
the structure of the carotenoid-protein complex was determined (Cianci et al., 
2002). The T. urticae genome harbours many lipocalins, (Dermauw et al., 2013b) 
some of which have been observed to change dramatically in expression upon 
host plant transfer or in pesticide resistant strains, indicative of potential roles in 
response to xenobiotics (Dermauw et al., 2013b; Grbić et al., 2011; Wybouw et 
al., 2015). However, whether T. urticae lipocalins are also involved in carotenoid 
transport or sequestration warrants investigation. More broadly, understanding 
whether abnormal tissue-specific carotenoid localization – e.g., the lack of eye 
color in pigmentation mutants (Figure 1-6) – impacts the ability of mites to respond 
to oxidative stress when overwintering should be of interest not just for 
entomologists, but also for the broader understanding of carotenoids’ roles in 
animals. 
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2.4 Biogeography, variation and genetics of diapause prevalence  
While major-effect mutations impacting carotenoids have shed light on 
the physiology of diapause, to our knowledge they have never been reported in 
wild populations, where they are presumably highly deleterious. Nevertheless, 
latitudinal clines in diapause prevalence have been documented in multiple insect 
species, reflecting adaptation to differences in summer and winter day length, and 
other climate factors (Hut et al., 2013). Like their insect counterparts, spider mites 
also vary in diapause prevalence as a function of geography. As illustrated in a 
study with Japanese populations of T. urticae, Takafuji et al. (1991) observed a 
clear relationship of latitude with diapause prevalence. Using a common garden 
design, the authors observed that diapause prevalence in populations from 
northern Japan (above 38˚N) was essentially 100%. In contrast, T. urticae from 
southwestern Japan (below 34˚N) were non-diapausing, while at latitudes in 
between substantial variation was apparent (Takafuji et al., 1991). Further, similar 
observations were obtained with T. kanzawai, although the clinal change was 
restricted to a smaller latitudinal difference in the far south of Japan (Takafuji et 
al., 2001). Mirroring findings in Japan, European T. urticae populations from more 
northern locations, such as from Amsterdam (52˚N) and St. Petersburg (60˚N), 
diapause universally (Kroon and Veenendaal, 1998), while coexistence of 
diapausing and non-diapausing mites has been documented in Greece (Koveos 
et al., 1993; Kroon et al., 2004). 
Variation in diapause prevalence among and within populations is partly 
genetic, and has been shown in independent studies to respond to selection (Goka 
and Takafuji, 1990; Ito, 2009; Kawakami et al., 2010; So and Takafuji, 1992, 1991). 
In some cases, monogenic or large-effect variants were found to underlie heritable 
differences (see Table 1-2, and references therein). For example, in Japan 
dominant non-diapause alleles of large-effect were identified in southern 
Japanese populations, and a monogenic recessive non-diapause allele was found 
at a very low frequency from a northern population (Kawakami et al., 2010). 
Additionally, a monogenic recessive basis for non-diapause was reported in a 
strain from the Netherlands (Ignatowicz and Helle, 1986). In Tetranychus species 
other than T. urticae, both monogenic dominant and monogenic recessive 
inheritance has been reported (Suwa and Gotoh, 2006; Takafuji and Goka, 1999). 
Nevertheless, multigenic inheritance of diapause induction has also been 
documented (So and Takafuji, 1992), and is presumably common. 
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Table 1-2: Inferred mode of inheritance of the diapause phenotype in Tetranychus 
mites. 
Location Species F1 phenotype Genetic basis Publication(s) 
Netherlands T. urticae D Monogenic Ignatowicz and Helle, 1986 
Japan T. urticae D Polygenic Goka and Takafuji, 1990 
Japan T. urticae D Monogenic Kawakami et al., 2010 
Japan T. kanzawai D Monogenic Takafuji and Goka, 1999 
Japan T. urticae D / ND Polygenic So and Takafuji, 1992 
Japan T. urticae ND Several genes Kawakami et al., 2010 
Japan T. urticae ND Several genes Kawakami et al., 2010 
Japan T. pueraricola ND Monogenic Suwa and Gotoh, 2006 
A selection of key studies with the inferred genetic bases is given (i.e., the F1 phenotype refers to results of 
crosses between non-diapausing and diapausing parental strains). However, the reader is referred to the 
publications for details of the analyses, as some inferences are complicated by the direction of crosses (maternal 
effects) and other factors. Specifics of the crosses and inducing conditions varied between studies. Where 
inheritance in multiple strains was tested in the same study, the respective results are split onto different lines.  
 
In addition to nuclear effects, maternal ones – which likely arise from 
several sources – add yet another level of complexity in studying diapause 
inheritance in spider mites. In part, maternal effects may increase the fitness of 
progeny in the face of anticipated unfavorable conditions. For instance, T. urticae 
from Kyoto, Japan were shown to exhibit photoperiodic maternal effects in which 
non-diapausing females exposed to diapause-inducing photoperiods produce a 
higher percentage of diapausing offspring than those from mothers kept under 
non-inducing photoperiods (Oku et al., 2003). 
Chapter 1 _________________________________________________________________  
30 
3 The genomic revolution and its applications 
3.1 The sequencing quest 
After the discovery of the DNA helix by Watson and Crick in 1953 
(Watson and Crick, 1953), massive general interest arose to develop strategies 
for ‘reading’ sequences of DNA and RNA molecules. The first steps in revealing a 
nucleotide sequence started with determining the composition of RNA molecules 
using techniques borrowed from the analytical chemistry (Holley et al., 1961). 
Combining these techniques with enzymatic cleavage of RNA, resulting in fully 
and partially degraded RNA fragments, enabled the research group of Holley to 
find out the first complete ribonucleic acid sequence of Saccharomyces cerevisiae 
(Holley et al., 1964). In the meantime, Fred Sanger’s lab developed a 2D fraction 
method via the detection of partial digested and radiolabelled RNA fragments.  
Subsequently, research by the group of Ray Wu (Wu, 1972; Wu and Kaiser, 1968) 
focused on determining the order and composition of DNA molecules using DNA 
polymerase to incorporate radioactive nucleotides and gave a prospect to 
sequence up to 15 nucleotides determined by the characteristic mobility shifts on 
a two-dimensional map. 
In 1977, the ‘chain-termination technique’ of Sanger (Sanger et al., 1977) 
established the sequencing revolution with the development of dideoxynucleotide 
(ddNTPs) which are deoxyribonucleotides that miss a 3’ hydroxyl group that is 
essential for the next dNTP to bind to the DNA chains. Combining normal dNTPs 
with the individual radiolabeled ddNTPs in a DNA extension reaction, resulted in 
fragments of different lengths that were visualized on a polyacrylamide gel. In the 
coming years, a handful of improvements were made to the Sanger sequencing; 
different labelling in order to replace the radiolabeling with fluorescence detection 
so that only one reaction was carried out instead of four and improved detection 
methods (Heather and Chain, 2016), gave rise to the first commercial DNA 
sequencing machine (Hunkapiller et al., 1991). 
The sequencing of the genome of the bacteria Haemophilis influenza Rd 
(1.8 Mb) with Sanger sequencing or the shotgun sequencing method, facilitated 
the sequencing of complete genomes and caused a revolution in this interesting 
research domain (Fleischmann et al., 1995). This shotgun sequencing is an 
improvement of the sequence-to-synthesize method and introduces a step to 
mechanically shear the genomic DNA, followed by a digestion by a nuclease to 
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produce blunt ends. Next, the fragments between 1.6 and 2 kb were recovered 
from an agarose electrophorese gel and cloned in circular vectors to be 
sequenced. Finally, with bioinformatics programs, the sequenced fragments were 
assembled into contigs and scaffolds in order to create a complete genome map 
(Fleischmann et al., 1995). This sequencing project of H. influenza initiated 
numerous international ambitious sequencing projects and the whole-genome 
shotgun sequencing method was used for the full genome sequencing of 
Saccharomyces cerevisiae (12 Mb) (Goffeau et al., 1996), Escherichia coli 
(4.6Mb) (Blattner et al., 1997), Homo sapiens (2,9 billion b) (Schuler et al., 1996), 
and Caenorhabditis elegans (97 Mb) (The C. elegans Sequencing Consortium, 
1998). The first publication of the insect genome of Drosophila melanogaster (180 
Mb), launched a new era for the arthropod research field and related to this thesis, 
the mechanism of diapause (Adams et al., 2000). The fact that D. melanogaster 
has only a shallow ovarian diapause requiring low temperatures near the 
development threshold, impeded the research on diapause (Saunders et al., 
1989). Fortunately, sequencing of non-model organisms followed relatively fast 
thanks to the new revolutions and technologies. 
Nowadays, second (or next) and even third generation sequencing 
techniques have been developed and applied successfully (Heather and Chain, 
2016; Mardis, 2008) and have become less expensive than Sanger sequencing 
(Goodwin et al., 2016). Third generation sequencing are defined as technologies 
that are able to sequence single molecules without antecedent DNA amplification. 
Table 1-3 gives an overview of the most successful sequencing platforms and their 
characteristics. 
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Table 1-3: An overview of second and third generation sequencing techniques, 
the read length and a brief description of the mechanism. 












Roche/454 FLX 700 bp Parallelisation of sequencing reaction: DNA with adapters binding to beads and pyrosequencing 
Illumina 50-300 bp 
Sequence-by-synthesis; template DNA is 
fragmented into lengths, bridge amplification with 
adaptor ligation (clusters of clonal populations in 
a flow cell) and fluorescent ‘reversible-terminator’ 
dNTPs sequencing. 
SOLiD 50 bp Massive parallel sequencing by oligonucleotide ligation and detection. 
Ion Torrent 400 bp 
Post-light sequencing; nucleotides are measured 
by the difference in pH caused by the release of 









Helicos Heliscope 5-25 bp 
Single molecule sequencing (SMS), similar to 
Illumina but no bridge amplification and DNA 
templates are attached to a planar surface. 
PacBio SMRT 
sequencing  Up to 10 kb 
Single molecule real-time (SMRT): zero-mode 
waveguides (ZMW): microfabricates 
nanostructures in which DNA polymerization 
occurs. Light properties of this ZMW allow 
visualization of single nucleotides in real-time. 
Nanopore 
sequencing  
Based on the finding that single-stranded RNA or 
DNA could be driven through large ion channels 
by electrophoresis. Possible to sequence 
immediately and in small devices. 
Table based on following publications: Braslavsky et al., 2003; Haque et al., 2013; Harris et al., 2008; Heather 
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3.2 Sequencing the complete genome of insects, mites and other 
chelicerates  
Recent improvements in sequencing technologies and assembly 
strategies have caused a fast progress in the number of genomes available. After 
the publication of the genome of D. melanogaster (Adams et al., 2000), 
sequencing projects followed one another in rapid succession: vectors of human 
diseases (Anopheles gambiae (Holt et al., 2002), Culex quinquefasciatus 
(Arensburger et al., 2010), Glossina morsitans morsitans (Initiative, 2014)), 
economically important species (B. mori (Xia et al., 2004), Apis mellifera (The 
Honeybee Genome Sequencing Consortium, 2006)) and significant agricultural 
pests (A. pisum (The International Aphid Genomics Consortium, 2010) and 
Tribolium castaneum (Richards et al., 2008)). These projects have been a 
milestone for understanding the challenges and key activities that could be 
exploited for their control. In both malaria mosquitoes (A. gambiae) and tsetse flies 
(G. m. morsitans), the genomes were interrogated for odorant receptors and 
gustatory receptors expressed in antennae and the maxillary palps. The screening 
revealed specific odor preferences of the mosquito (Lu et al., 2007) and the loss 
of the gustatory receptors for sugar in tsetse flies when compared to other Diptera 
(Obiero et al., 2014). These findings open opportunities for its application to 
develop an odor blend that is more attractive for mosquitoes and tsetse flies than 
human odor. To date, the complete genomes of 262 insects and 16 mite and tick 
species were sequenced and deposited in the NCBI database (accessed 26 
December 2017). In 2013, an initiative, named i5k, was launched to sequence the 
genome of 5000 arthropod species and aims to underline the importance of 
insects, mites, spiders and crustaceans in a wide range of ecosystems (Evans, 
2013). 
The first chelicerate genome was published in 2011; the T. urticae 
genome was Sanger-sequenced and with only 90 Mb assembled into 640 
scaffolds, it is the smallest sequenced genome among arthropods so far. Further 
investigation of the diverse genes and gene families revealed herbivorous pest 
adaptions including a wide set of detoxification genes, with striking and specific 
expansions in all currently known families implicated in metabolism or transport of 
toxins. For example, a burst of glutathione-S-transferase (GST) genes, clan X of 
intronless P450 (CYP) genes and ABC (ATP-binding cassettes) genes was 
reported (Dermauw et al., 2013a). The majority of the ABC genes encode for ABC 
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transporters which are membrane-spanning proteins that have been associated 
with elimination of toxic plant secondary metabolites and pesticide resistance. 
Compared to insects, T. urticae genome exposed a high number of genes in the 
ABCH subfamily that possibly functions as a transporter of lipids to the cuticle 
(Broehan et al., 2013). Furthermore, the genome also compromised several 
horizontally transferred gene groups (HGT genes) of bacterial or fungal origin: 
intradiol ring-cleavage dioxygenase genes, a total of 80 UDP-glycosyltransferase 
genes (UGT) (Ahn et al., 2014), a cobalamin-independent methionine synthase 
gene, two levanase-encoding genes, a cyanate lyase-encoding gene (Wybouw et 
al., 2012) and two clusters of carotenoid biosynthesis genes (as abovementioned) 
(Altincicek et al., 2012) (Grbić et al., 2011). Afterwards, another gene encoding for 
b-cyanoalanine synthase transferred from bacteria, was discovered and showed 
to be actively detoxifying cyanide to b-cyanoalanine, a process that is also widely 
spread in Lepidopterans (Wybouw et al., 2014). Several approaches were used to 
exclude the possibility that the sequences of these HGT genes were derived from 
contamination in the DNA samples (Grbić et al., 2011; Wybouw et al., 2014). 
Firstly, remapping original T. urticae Sanger reads and examining Illumina read 
coverage of re-sequenced strains, did not reveal inconsistencies in the region of 
the HGT genes. Secondly, it was checked by PCR if these genes are physically 
embedded by T. urticae genes and no discontinuity was observed in the genomic 
regions. Thirdly, transcriptomics data showed expression of the HGT genes 
across the different life stages and consistent with their role in spider mites. 
Recently, an improved HGT mining method, using multiple techniques, confirmed 
the abovementioned HGT genes and uncovered 25 novel HGT genes (Wybouw 
et al., 2018). 
With T. urticae acting as a model organism for the chelicerates (Grbic et 
al., 2007) and the reducing costs of full genome sequencing, an extension of the 
available genomes of chelicerates is currently realized. Up to date, 24 complete 
genomes of chelicerate species (accessed 26 December 2017) were sequenced 
including the important vector of meningitis and Lyme disease, the deer tick Ixodes 
scapularis (1.8 Gb) (Gulia-Nuss et al., 2016), the horseshoe crab (Limulus 
polyphemus) (2.74 Gb) (Simpson et al., 2017), the chinese scorpion (1.3 Gb) (Cao 
et al., 2013) and three spider species, revealing interesting aspects for 
evolutionary research and proteomic applications. For example, the assembled 
genome of the African social velvet spider (Stegodyphus mimosarum) (2.55 Gb) 
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and the draft assembly of the Brazilian white-knee tarantula (Acanthoscurria 
geniculata) (>6Gb) displayed important findings for their silk and venom 
production (Sanggaard et al., 2014). Furthermore, the house spider genome, 
Parasteatoda tepidariorum, (1.4 Gb) uncovered an ancient whole-genome 
duplication and the composition of its venom including its proportions in toxicity 
was comparable to that of the black widow spider (Gendreau et al., 2017; 
Schwager et al., 2017). An overview of the available full genomes of Acari is given 
in Table 1-4. 
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Table 1-4: Acari genomes that have been sequenced and deposited in the NCBI 
database (26 December 2017) 
Scientific name Common Name Genome size 
(Mb)* 
Reference 
Achipteria coleoptrata Oribatid mite 88.4439 (Bast et al., 2016) 
Dermatophagoides farinae American house dust mite 72.7402 
(Chan et al., 2015; 




House dust mite 70.764 (Dermauw et al., 
2009; Waldron et al., 
2017) 
Euroglyphus maynei House dust mite 43.4378 (Rider et al., 2017) 
Hypochthonius rufulus Oribatid mite 172.365 (Bast et al., 2016) 
Ixodes ricinus Castor bean tick 514.507 (Cramaro et al., 
2015) 
Ixodes scapularis Black-legged tick 151.724 
(Ayllón et al., 2015; 
Gulia-Nuss et al., 
2016) 
Metaseiulus occidentalis / 
Galendromus occidentalis  
Eyeless phytoseiid 
predatory mite 
151.724 (Hoy et al., 2016) 
Platynothrus peltifer Oribatid mite 100.533 (Bast et al., 2016) 
Rhipicephalus microplus Cattle tick 1076.53 
(Barrero et al., 2017; 
Bellgard et al., 2012) 
Sarcoptes scabiei Itch mite 56.2624 (Rider et al., 2015) 
Steganacarus magnus 
 
Oribatid mite 113.565 
(Bast et al., 2016; 
Domes et al., 2008) 
Tetranychus urticae Two-spotted spider mite 90.8286 (Grbić et al., 2011) 
Tropilaelaps mercedesae Honeybee ectoparasitic mite 352.535 (Dong et al., 2017) 
Varroa destructor Honeybee mite 350.435 (Cornman et al., 
2010; Navajas et al., 
2000) 
Varroa jacobsoni Honeybee mite 365.586 (Andino et al., 2016) 
*The genome sizes were derived from the NCBI genome database. 
 
3.3 Applications of the genomic sequencing and the playground of 
gene-editing 
The genome sequencing information gathered is indispensable for 
applications like understanding gene functions, mapping of genes (QTL), and 
genome editing in order to combat vectors of diseases, understand ecological 
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adaptations and find agricultural pest solutions. Therefore, this section of the 
introductory chapter briefly summarizes the possibilities and progresses of the 
current technologies. 
 
3.3.a Transcriptomics: microarrays and RNA-Seq 
To study an organism’s transcriptome or the collection of all its RNA 
transcripts, a wide range of tools are nowadays accessible to detect gene 
regulation differences between different strains, time points, conditions and 
tissues. The genetic information of an organism is contained in its DNA and is a 
treasury of information that can be expressed through transcription. mRNA is the 
vital link and temporary intermediate molecule that represents activity in cells at 
the moment of sampling. In present research, two prevailing techniques are widely 
used: microarrays that work with specific designed probes and RNA-Seq using 
next generation sequences techniques. 
Microarray analysis is a technique that measures the transcript 
abundance (mRNA) via the fluorescence intensity of labelled cRNA (produced 
from the mRNA). This fluorescently labelled cRNA hybridizes on short nucleotide 
oligomers (probes) connected on a solid substrate (a glass plate) and the level of 
fluorescence intensity at each probe location indicates the abundance or scarcity 
of a transcript. The probes are custom-made for a species and can cover the whole 
gene-set or a number of selected genes but previous knowledge of the annotated 
genome or EST (expressed sequenced tag) is essential (Schena et al., 1995). 
Numerous microarrays have been carried out in diapausing species to profile the 
transcriptome during initiation, maintenance and termination processes (Emerson 
et al., 2010; Kankare et al., 2016; Ragland et al., 2011; Salminen et al., 2015; 
Sasibhushan et al., 2013), as well as to compare the universal diapause 
mechanisms across divergent classes of species (Ragland et al., 2010). For the 
two-spotted spider mite, a microarray platform has been designed that covered 
81.7% of the genes with at least 3 probes (Dermauw et al., 2013b). This microarray 
design revealed interesting gene expression patterns in T. urticae with the focus 
on plant adaptation (Dermauw et al., 2013b; Wybouw et al., 2015, 2014) and 
resistance mechanisms (Demaeght et al., 2013; Khalighi et al., 2016).  
A second technique, RNA-Seq, is a sequence-based approach using the 
NGS methods (see abovementioned) by directly determining the cDNA sequence. 
Subsequently, the sequences are processed by aligning the reads to either the 
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reference genome or to construct a de novo assembly list of transcripts, following 
by read counts to correctly model the relatively gene expression (Lowe et al., 2017; 
Wang et al., 2009). In comparison to a microarray, RNA-Seq has a number of 
advantages: there is lower background noise, it is independent of genomic 
sequencing for uncovering transcripts (especially for non-model organisms) and 
moreover this technique can detect sequence variations (SNP, single nucleotide 
polymorphism) and different isoforms (Wadsworth and Dopman, 2015). The 
previous years, RNA-Seq turned out to be a very straightforward tool for diapause 
research in numerous insects (Hao et al., 2016; Koštál et al., 2017; Poelchau et 
al., 2013b, 2013a) as well for other objectives in T. urticae (Díaz-Riquelme et al., 
2016; Grbić et al., 2011; Snoeck et al., 2017; Zhao et al., 2016) and other spider 
mite species (Bajda et al., 2015). 
  
3.3.b Mapping of quantitative trait loci (QTL) 
Besides the scientific interest in understanding the gene regulation of an 
organism during diapause, correlating a particular phenotypic trait (for example; 
non-diapause vs diapause) to (a) section(s) of DNA (or locus/loci) is of great 
importance for future applications (see abovementioned). QTL mapping is an 
approach that requires two types of information: two or more strains of the 
organism, different in the phenotype of interest and genetic or molecular markers. 
These markers can be SNPs, microsatellites and restriction fragment length 
polymorphisms (RFLPs). Subsequently the two genetically different parents are 
crossed and the F1 generation is subjected to a backcross or to an intercross 
(Darvasi, 1998). The results of these crosses (F2) are then scored for phenotype 
and the DNA of all individuals is screened for the molecular markers (Miles and 
Wayne, 2008). Subsequently, the markers showing a genetic link to a QTL 
influencing the trait of interest will segregate frequently with trait values. On the 
other hand, unlinked markers will not show a significant association with the 
particular phenotype. QTL mapping has been already exploited for mapping 
diapause loci:  in D. melanogaster, an amino acid polymorphism in the RNA 
binding protein encoding gene couch potato showed to be responsible for the 
variable expression of diapause in this species (Schmidt et al., 2008). Also in C. 
pipiens and the pitcher-plant mosquito, QTL mapping was carried out to associate 
the genetic basis for reproductive diapause and the photoperiodic response and 
stage of diapause respectively (Mathias et al., 2007; Mori et al., 2007). In general, 
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QTL mapping is mostly applied to answer the question whether phenotypic traits 
are caused by a few loci with large effects or to numerous loci with each minute 
effect. Results of QTL mapping could point to genomic locations and, if these 
regions are narrow enough, to real alleles for a phenotypic characteristic.  
 
A specific QTL mapping: Bulked segregant analysis 
In 1991, Michelmore et al. (1991) developed a method called ‘Bulked 
segregant analysis’ (BSA) to identify three random amplified polymorphic DNA 
markers in lettuce linked to a gene that confers resistance to downy mildew. This 
BSA method is able to rapidly identify RFLPs (abovementioned) and random 
amplified polymorphic DNAs (RAPDs) markers that rely on the amplification of 
random DNA segments with single random primers (Williams et al., 1990). The 
setup for BSA experiments is similar to QTL mapping but DNA sampling is not 
done per individual but in pools or bulk of these individuals. The two pools derive 
from a segregating population that originated from a single cross and are selected 
for its characteristics; for example resistant vs susceptible. The individuals deriving 
from the same pool have identical genotypes in a particular genomic region (target 
locus) but the other parts of the genome are random and not linked to the target 
locus. This results in bulked DNA differing genetically only in the causal region that 
confers resistance but not in other regions that are heterozygous and 
monomorphic. Back in the 90s, the screening for target loci was accomplished with 
RFLPs or RAPDs but with our hands on complete genome assemblies and next 
generation sequencing techniques, BSA can be very useful in mapping the causal 
gene for any phenotype by using large populations of individuals where a bulk 
sampling is possible, like plants, fungi, arthropods and bacteria.  
For the application of BSA, T. urticae offers an excellent organism to 
identify genomic regions related to interesting phenotypes for several reasons. 
Firstly, the two-spotted spider mites are small and reproduce rapidly, which 
facilitates the propagation of progeny from selected crosses for many generations 
in high numbers on a small area. This feature allows a dense recombination rate 
to increase across the genome. Secondly, high-throughput sequencing of the 
parental strains and segregating progeny pools can be carried out with a high 
genome coverage at a low cost because of the small 90Mb genome. Furthermore, 
the availability of the complete genome enables straightforward alignments of the 
resulting reads with efficient discovery of SNPs between the parental strains as 
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well as genotyping-by-sequencing (GBS) of discriminating variants in the 
segregating progeny pools (Van Leeuwen and Dermauw, 2016). A successful 
BSA mapping in T. urticae exposed the resistance mutations against a chitin 
synthesis inhibitor (Van Leeuwen et al., 2012) and in 2014, the involvement of 
ABC transporters in resistance to multiple Bt toxins for a variety of insects (Park 
et al., 2014). In diapause research this approach could be useful in direct selection 
for diapausing or non-diapausing strains and uncovering the essential gene(s) for 
diapause induction, maintenance and termination. 
 
RADseq  
Another inexpensive technique for next-generation population genetics 
and association-mapping in model and non-model organisms is the restriction site-
associated DNA sequencing (RADseq) and double-digest RAD (ddRADseq) 
method. RADseq is able to identify and score thousands of genetic markers from 
a group of individuals by using restriction site associated DNA (RAD) tags in 
combination with Illumina sequencing. Most organisms exhibit high numbers of 
DNA sequence polymorphisms that disrupt restriction sites which can be a genetic 
marker for genotyping. The main advantage of RADseq is that no or limited pre-
existing sequence data are necessary, and is able to simultaneously identify, verify 
and score markers (Davey and Blaxter, 2010; Miller et al., 2007). ddRADseq is an 
amendment of the RADseq and uses two enzymes for double digesting of DNA 
followed by a size selection resulting in a library of fragments only close to the 
target sites. Research projects to use this technique for mapping SNPs correlated 
to diapause induction are currently in progress for the European larch bark beetle, 
Ips cembrae (Schebeck et al., 2017). 
 
3.3.c Knockdown mechanism – RNA interference 
QTL-mapping results in an estimation of a genomic region related to a 
specific phenotype and is often described as forward genetics. Reverse genetics 
starts from a gene or protein and tries to understand the phenotypic effects of 
specific gene sequences, unravelling the function of this gene. More than 25 years 
ago, a specific inhibition of gene expression was realized in the nematode C. 
elegans by injecting antisense producing RNA plasmids into the nematode’s 
oocytes (Fire et al., 1991). A follow-up study demonstrated that double-stranded 
RNA (dsRNA) was more effective at generating post-transcriptional gene silencing 
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or RNA interference (RNAi) in this species (Fire et al., 1998). This discovery has 
led to disclosing the function of genes, fighting human diseases (Takeshita and 
Ochiya, 2006), artificial microRNAs mediated gene silencing in plants (Tiwari et 
al., 2014; Zhang et al., 2017), serving as a potential pest control management 
(Price and Gatehouse, 2008; Zhang et al., 2017) and combatting viral diseases in 
plants, nematodes, insects and even mammals (Gammon and Mello, 2015). In 
insects, RNAi starts with the delivery of dsRNA (by injection, local expression, via 
food uptake or by diffusion through the cuticle to a specific developmental stage 
or introduction of dsRNA into early developmental stages causing gene silencing 
in the progeny of the parents) that is cut into small interfering RNAs (siRNA) from 
20-25 nucleotides by a RNAse III like enzyme, Dicer2. Subsequently, RNA-
induced silencing complexes (RISCs) are formed which assemble the siRNAs into 
endoribonuclease containing complexes and the Argonaute2 (AGO) protein 
cleaves the sense (passenger) strand from the antisense (guide) strand on RISC 
that is successively guided to the complementary mRNA molecules. The formation 
of small regions of double stranded RNA causes the mRNA to degrade and the 
protein is no longer, or at a low level, expressed resulting in a translational 
repression (Burand and Hunter, 2013). Several studies exploited the RNAi 
technique in order to clarify the function of important genes in relation to diapause 
induction and maintenance: the involvement of clock genes in photoperiodic 
induction of diapause for the several insects (Meuti and Denlinger, 2013), 
suppressing heat shock proteins during diapause showed the necessity of these 
proteins to survive low temperatures (King and MacRae, 2015; Rinehart et al., 
2007) and the importance of the insulin signaling pathway during the overwintering 
of C. pipiens (Sim and Denlinger, 2008). The potential of RNAi is of great interest 
for diapause research groups, especially because the stock of transgenic lines for 
diapausing species is very limited. Relatedly, in the two-spotted spider mite, 
mutants are not widely available and silencing genes offers exciting perspectives 
in revealing the functional genomics of this species. Although the dsRNA-
mediated silencing machinery is present and much knowledge is already gathered 
on the delivery of small molecules to T. urticae (Suzuki et al., 2017a), an efficient 
knockdown of genes is time-consuming and only a silencing of 30% is realized. 
The delivery by injection of adult females (Khila and Grbić, 2007) and oral delivery 
of dsRNA originating from soaked or floating leaves (Kwon et al., 2016, 2013; Shi 
et al., 2016) showed to be an interesting method to investigate the function of 
genes and screening RNAi targets for pest management control. Recently, a study 
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of Suzuki et al. (2017b) compared five dsRNA delivery methods for the protection 
against T. urticae, including leaf floating on dsRNA solution, dsRNA-coated leafs, 
dsRNA producing transgenic plants, an artificial diet containing dsRNA and 
soaking of the mites themselves in the dsRNA solution. This research showed that 
coating of the leaf discs and submerging the mites were overall the most efficient 
methods for dsRNA delivery and moreover, these protocols required the least 
dsRNA input. Gene silencing could therefore be an excellent system in 
deciphering the functional role of uncharacterized sequences of the two-spotted 
spider mite. 
 
3.3.d Genome editing 
Besides RNAi, that results in a knock-down or silencing of genes, 
genome editing is a different approach of reverse genetics. Genome modification 
techniques started with the help of chemical mutagens and radiation but the 
unpredictable character of these modifications created the necessity to induce 
planned and targeted modifications in genes (Reid and O’Brochta, 2016). The first 
targeted genome modification or replacement was carried out in D. melanogaster 
and had limited applications because a transposon insertion in the target gene 
was essential to create an exact location for the double bond breaks (Gloor et al., 
1991). Thereafter, programmable DNA-binding protein systems were uncovered 
such as zinc-finger-nucleases (ZFN) and the transcription activator-like effector 
nucleases (TALEN), all based on the functioning of DNA endonucleases (Carroll, 
2014). These approaches both include the construction of engineered DNA 
nucleases with domains designed to recognize specific DNA target sequences. 
Although designing TALENs is less complicated than zinc-finger-containing 
proteins, this technique requires extensive knowledge of gene-synthesis and –
construction. In 2013, Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR), a RNA-guided site specific DNA cleavage by DNA nucleases was 
added to the genome editing list. First, Mojica et al (2005) discovered that 
prokaryotes contain short DNA repeats (CRISPR) that match short sequences 
from the genome of a bacteriophage, playing a role as type II prokaryotic adaptive 
immune system (Makarova et al., 2006). Throughout the following years, the 
discovery of the essential endonuclease Cas9 protein (Barrangou et al., 2007; 
Bolotin et al., 2005; Garneau et al., 2010), the protospacer adjacent motif (Bolotin 
et al., 2005; Garneau et al., 2010) (PAM, a 2-6 common DNA sequence at the 
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end, necessary for target recognition), the involvement of small RNAs, termed 
CRISPR RNAs (crRNAs) to direct the Cas9 protein to the target DNA (Brouns et 
al., 2008) and the mechanisms that the CRISPR-Cas9 complex causes double 
strands breaks in DNA (Garneau et al., 2010; Marraffini and Sontheimer, 2008) 
arose a great interest in this immune system. The double strand breaks in the DNA 
trigger the cell to repair the targeted DNA but this mechanism, called indel-forming 
non-homologous end joining (NHEJ) pathway, is error prone and can disable 
(knock-out) or change the function of this gene. Experiments subsequently 
showed that another small RNA, trans-activating CRISPR RNA (tracrRNA), 
interacted with crRNA to form a structure that recruits Cas9 protein and was 
required for the protein to recognize the target (Deltcheva et al., 2011). This finding 
made the puzzle complete and three research groups aimed to adapt this 
knowledge into a technique for genome editing in other species without type II 
bacterial CRISPR immune system. Gasiunas et al. (2012)  illustrated that the 
crRNA only had to contain 20 nucleotides that were adaptable to a target site of 
their choice by changing the sequence of the crRNA. Similar results were 
published a few months later, adding that both small RNA molecules (crRNA and 
tracrRNA) can be combined together to create a synthetic simplified single guide 
RNA (sgRNA) for the Cas9 protein (Jinek et al., 2012). A year later, the technique 
was shown to be efficient for multiplex genome engineering in eukaryote cells 
(human and mouse) (Cong et al., 2013; Mali et al., 2013) and an extension of 
homology-directed repair (HDR or knock-in) was achieved by providing a DNA 
donor with the desired introduction sequence (Doudna and Charpentier, 2014; 
Jiang and Marraffini, 2015; Richardson et al., 2016).  
Only four years later, CRISPR-Cas9 has caused a fast revolution as a 
promising, wide applicable genome-editing technique in various organisms: mice 
(Wang et al., 2013a), zebrafish (Hwang et al., 2013), nematodes (Friedland et al., 
2013), frogs (Wang et al., 2015), plants (Bortesi et al., 2016) and arthropods 
(Martin et al., 2016; Nakanishi et al., 2014) including insects (Taning et al., 2017). 
Especially D. melanogaster took a lead as insect model organism with a 
transgenic line expressing the Cas9 protein. Over the following years success was 
also achieved in other species: mosquitoes (Basu et al., 2015b; Galizi et al., 2016; 
Hall et al., 2015; Itokawa et al., 2016), Coleopterans (Gilles et al., 2015) , locusts 
(Awata et al., 2015; Li et al., 2016) and butterflies (Huang et al., 2016; Koutroumpa 
et al., 2016; Markert et al., 2016; Wang et al., 2016), including the economically 
important silkworm B. mori (Daimon et al., 2014; Zeng et al., 2016). In the monarch 
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butterfly, Danaus plexippus, two genes of the circadian clock (cry2 and clk) were 
targeted for mutagenesis in order to determine their involvement in monarch 
migration (Markert et al., 2016). Unfortunately, no convincing studies with the 
CRISPR-Cas9 genome editing have been published in mite species so far.  
In insects, the targeted CRISPR-Cas9 genome editing is carried out via 
microinjection in zygotes or transfection in insect cells. Cas9 can be delivered in 
different templates: encoding mRNA, in the form of a purified recombinant protein, 
a helper plasmid encoding for Cas9 with a localization signal and optimized codon 
or Cas9 expressed in the germ lines of the organism (in D. melanogaster) 
(Böttcher et al., 2014). The guide RNA (crRNA and tracrRNA) is usually provided 
via the same delivery method after in vitro transcription of RNA or alternatively, 
expressing the guide RNA from a plasmid or transgene in vivo (Gilles and Averof, 
2014). Up to now, the CRISPR-Cas9 technique proved to be very suitable for 
‘reverse genetics’ in insects by revealing gene functions via knock-out (Itokawa et 
al., 2016; Wang et al., 2013b), as well by introducing precise mutations via knock-
in (HDR) to validate the corresponding phenotype (Douris et al., 2016).  
Additionally, other applications besides genome editing also found their 
way to the CRISPR-Cas9 technique. The modification of the Cas9 protein to a 
catalytically inactive or dead protein (dCas9), showed the sequence-specific 
control of genes in E. coli cells because the binding of dCas9 to the selective 
targets interfered with gene transcription (Bikard et al., 2013; Qi et al., 2013). 
Another CRISPR interference (CRISPRi) was accomplished by two precisely 
targeted mutations in the two domains of the Cas9 protein that showed to convert 
the protein into a very site-specific downregulation or activation tool in yeast and 
human cells (Gilbert et al., 2013). Furthermore, the development of chimeric 
dCas9 transcriptional activators (activation domains of EDLL and TAL effectors) 
and repressors (SRDX repression domain) can be used as endogenous 
transcription factors to promote functional genomics and biotechnological 
applications in plants (Piatek et al., 2015). Additionally, fusion proteins consisting 
of dCas9 and fluorescent proteins can also be exploited as a technique for imaging 
live-cells or chromosome loci at site-specific loci (Ma et al., 2016).  
The application of virus detection via an adopted CRISPR-Cas9 system 
was already suggested in 2010 (Snyder et al., 2010) and was shown later to be 
functional as SHERLOCK, a diagnostic system for detecting Zika and Dengue 
viruses at very low detection levels (10-18 molar) (Gootenberg et al., 2017). 
Another very useful utilization is developed to control female reproduction in the 
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malaria mosquito vector A. gambiae via a CRISPR-Cas9 gene drive system. This 
system manipulates three genes that when disrupted, females become sterile and 
transmit gene drive constructs editing each targeted gene (Hammond et al., 2016). 
In the future, CRISPR-Cas9–mediated genome engineering will be fulfilling an 
important role for applications in vector control, plant and animal breeding, crop 
protection, viral and pathogen gene disruption, human gene therapy, synthetic 
biology, screens for drugs target, and many more, although minimizing the risk of 
misuse and the off-target sites will also be a big challenge for this powerful tool 
(Doudna and Charpentier, 2014). 
 
4 Objectives and general outline  
Important keys for the cosmopolitan success of the two-spotted spider 
mite are the wide host plant range and the ability to enter a facultative reproductive 
diapause. The body colour of diapausing females changes from green to orange, 
due to an accumulation of ketocarotenoids. In general, diapause is an adaptive 
strategy to overcome unfavorable environmental conditions and is associated with 
a suppression of metabolism, change in behavior and stress modifications. 
Nowadays, the recently sequenced genome offers the opportunity for a genomic 
approach to unravel the mechanisms underlying diapause in T. urticae.  
The objectives in this PhD dissertation can be summed up in the following 
research questions: 
 
• Are there general diapause mechanisms established in T. urticae that 
overlap with insects and other arthropods on gene regulation level? 
• Do diapausing females of T. urticae display specific adaptations detectable 
with transcriptomics? 
• Is the gene regulation of the carotenoids biosynthesis genes influenced by 
the diapause phase and different color morphs of T. urticae? 
• Can a group identified as putative antifreeze proteins in T. urticae be 
functionally validated? 
• What is the genetic cause for the albino phenotype found in different strains 
of T. urticae and P. citri? 
• Can the CRISPR-Cas9 technique be utilized to genetically modify T.urticae? 
• What is the effect of the albino phenotype on diapause induction in T. urticae?	
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The research questions are addressed in several chapters. Chapter 2 
describes a genome-wide gene expression study of T. urticae during the diapause 
maintenance phase. This approach is not carried out before on diapausing mite 
species. In addition, the strain used (LS-VL) shows a 10-30% diapause incidence 
which offers an opportunity to select for both phenotypes (diapause and non-
diapause) in the same diapause inducing conditions. This experiment intends to 
confirm general diapause mechanisms also found in insects and other arthropods, 
as well as specific adaptations unique for diapausing mites. In the framework of 
the distinguishing orange color during diapause, the transcriptomic changes of the 
horizontally transferred carotenoid biosynthesis genes is also investigated in 
different color morphs. Furthermore, the focus on highly upregulated genes 
detected a gene family of hypothetical proteins that is identified as antifreeze 
proteins (AFPs). Therefore, in Chapter 3, a range of analyses and recombinant 
expressions are undertaken to further validate the function of these proteins. 
Chapter 4 aims to clarify the hypotheses of Veerman’s previous studies involving 
albino mites and the importance of carotenoids for diapause induction. To confirm 
the link between the causal gene and the albino phenotype, a CRISPR gene-
editing experiment is initiated in a wildtype strain with a strong diapause response. 
Consequently, the different resulting albino mites are subjected to diapause 
induction conditions and the incidence of diapause in these lines was observed 
accordingly. 
Finally, in Chapter 5, the tools used in this dissertation are integrated in 
a discussion to synthesize the performed research. To conclude, new challenges 





Chapter 2: Genome wide gene-expression analysis of facultative reproductive 
diapause in the two-spotted spider mite Tetranychus urticae 
 
 
Genome wide gene-expression 
analysis of facultative reproductive 







This chapter has been redrafted from: 
Bryon, A., Wybouw, N., Dermauw, W., Tirry, L., and Van Leeuwen T. (2013). 
Genome wide gene-expression analysis of facultative reproductive diapause in 
the two-spotted spider mite Tetranychus urticae. BMC Genomics,  14(1), 815-834. 
 
Chapter 2 _________________________________________________________________  
48 
1 Abstract 
 Background: Diapause or developmental arrest, is one of the major 
adaptations that allows mites and insects to survive unfavorable conditions. 
Diapause evokes a number of physiological, morphological and molecular 
modifications. In general, diapause is characterized by a suppression of the 
metabolism, change in behaviour, increased stress tolerance and often by the 
synthesis of cryoprotectants. At the molecular level, diapause is less studied but 
characterized by a complex and regulated change in gene-expression. The spider 
mite Tetranychus urticae is a serious polyphagous pest that exhibits a 
reproductive facultative diapause, which allows it to survive winter conditions. 
Diapausing mites turn deeply orange in color, stop feeding and do not lay eggs. 
 Results: We investigated essential physiological processes in 
diapausing mites by studying genome-wide expression changes, using a custom 
built microarray. Analysis of this dataset showed that a remarkable number, 11% 
of the total number of predicted T. urticae genes, were differentially expressed. 
Gene Ontology analysis revealed that many metabolic pathways were affected in 
diapausing females. Genes related to digestion and detoxification, cryoprotection, 
carotenoid synthesis and the organization of the cytoskeleton were profoundly 
influenced by the state of diapause. Furthermore, we identified and analyzed an 
unique class of putative antifreeze proteins that were highly upregulated in 
diapausing females. We also further confirmed the involvement of horizontally 
transferred carotenoid synthesis genes in diapause and different color morphs of 
T. urticae. 
 Conclusions: This study offers the first in-depth analysis of genome-
wide gene-expression patterns related to diapause in a member of the 
Chelicerata, and further adds to our understanding of the overall strategies of 
diapause in arthropods. 
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2 Background 
he seasonal pattern in temperate regions poses a major challenge 
for arthropod development and survival, and as a result the 
reproduction and growth of poikilothermic organisms are largely limited to the 
warmer part of the year. In addition, specific mechanisms have evolved to survive 
the extreme climatic conditions of winter. One of those mechanisms is a 
developmental arrest, often considered as the most distinctive characteristic of 
diapause in insects and mites. Besides developmental arrest, diapause is 
characterized by a suppression of metabolism (Denlinger, 1972), altered behavior 
(Veerman, 1985), increased stress tolerance (Rinehart et al., 2007) and increased 
energy reserves (Hahn and Denlinger, 2007). To overcome injury caused by low 
temperatures, diapausing species can also synthesize cryoprotectants like polyols 
(Koštál et al., 2004; MacRae, 2010), heat shock proteins (Clark and Worland, 
2008; Rinehart et al., 2007), and thermal hysteresis proteins (Clark and Worland, 
2008; Doucet et al., 2009). At the molecular level, it is clear that diapause is not 
simply characterized by a decreased expression of a large number of genes, but 
that the climate-induced expression of a specific set of genes is crucial to regulate 
and accomplish the physiological adaptations mentioned above (Denlinger, 2002). 
In spider mites (Acari: Tetranychidae), diapause is limited to the egg or 
female adult stage, depending on the species (Veerman, 1985). Two varieties of 
true diapause, i.e. aestival (summer) and hibernal (winter) diapause have been 
described, of which the latter is by far the best studied. In the two-spotted spider 
mite Tetranychus urticae, a hibernal facultative reproductive diapause allows adult 
female mites to survive winter (Veerman, 1991). Since this spider mite species is 
a highly polyphagous and difficult to control plant pest (Dermauw et al., 2013b; 
Van Leeuwen et al., 2010), winter survival has important consequences for crop 
protection in temperate climates. Therefore, within the group of Acari, diapause is 
best studied in this species, mainly on the level of behavior and to some extent on 
the level of biochemistry (Khodayari et al., 2013; Veerman, 1985). The incidence 
of diapause can vary greatly between the predominant natural color morphs, red 
and green, and different T. urticae populations. In some populations of the red 
color morphs, a high percentage of the population enters into diapause after 
stimulus, while others lack the ability (Gotoh and Tokioka, 1996). Next to the 
change in color and developmental arrest, diapause in T. urticae is characterized 
by various biological and physiological changes (see Chapter 1). Diapause in T. 
T 
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urticae is also accompanied by numerous behavioral changes: mites almost 
completely cease feeding, leave the host plant in search of hibernation sites and 
mate immediately after the last molting stage (teliochrysalis), but do not lay eggs 
(Veerman, 1985). At the time of color change to the typical orange forms, the 
hindgut is emptied and mites become positively geotactic (Foott, 1965) and 
negatively phototactic to find shelter (Parr and Hussey, 1966; Suzuki et al., 2013). 
Despite the fact that a number of studies have addressed the changes in 
morphology, physiology and behavior of diapausing T. urticae, the knowledge 
about the molecular modifications underlying and associated with diapause in 
spider mites is very limited. Recently, the draft genome of T. urticae was reported 
and a high quality annotation of genes is available (Grbić et al., 2011). Exploiting 
this annotated genome sequence and a previously developed whole genome gene 
expression micro-array platform (Dermauw et al., 2013b), this chapter studies 
gene expression changes during diapause in T. urticae. Such genome wide 
transcriptional changes associated with diapause were previously studied in insect 
species such as the flesh fly Sarcophaga crassipalpis (Ragland et al., 2010) and 
compared with the nematode Caenorhabditis elegans and the fruit fly Drosophila 
melanogaster. This comparison reveals that there may be diverse molecular 
mechanisms, but also that a number of adaptations related to diapause are 
broadly conserved. In this chapter, we extend the knowledge on molecular 
mechanisms underlying diapause in arthropods to the spider mite T. urticae, a 
member of the Chelicerata that diverged more than 450 Mya from other arthropod 
lineages such as insects and crustaceans (Dunlop, 2010). 
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3 Materials and methods 
3.1 Mite rearing 
The green strain LS-VL of T. urticae was originally collected in October 
2000 near Ghent (Van Leeuwen et al., 2004) and was ever since maintained on 
potted kidney bean plants Phaseolus vulgaris L. var. Prelude in controlled 
conditions at 24 ± 0.5°C and 60% RH with a 16:8h L:D photoperiod (standard 
incubation conditions). For induction of diapause, 500 LS-VL adult females were 
transferred to a single bean plant to allow the deposition of eggs and were kept in 
standard conditions for 4 days until the larvae hatched. Subsequently, this bean 
plant and 7 other uninfected plants were held under diapause inducing conditions 
at 17 ± 0.5°C, 80% RH with 8:16h L:D photoperiod. After 3 weeks, diapausing 
females with a distinguishing orange color (Figure 2-1C) and non-diapausing 
females (Figure 2-1A) were collected for RNA extraction. Other strains (London, 
MR-VL and Tu-SB9) used in this study for qPCR experiments were kept in the 
same standard incubation conditions. The London strain is a green form of T. 
urticae that was originally collected in the Vineland region, Ontario, Canada, and 
originates from the culture used in the T. urticae genome project (Grbić et al., 
2011). MR-VL is a red morph and a well characterized multi-resistant strain (Van 
Leeuwen et al., 2005). Tu-SB9 was collected in Crete, Greece in 2006 and is a 
red morph (Figure 2-1B) of T. urticae (Van Leeuwen et al., 2012). 
 
 
Figure 2-1: Different types of body coloration of adult T. urticae females. (A) Green morphs (LS-VL strain), (B) 
red morphs (Tu-SB9 strain) and (C) diapausing forms of green morphs displaying the typical orange color (LS-VL 
strain). 
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3.2 RNA preparation for microarray experiments 
In order to extract total RNA, four replicates of 250 adult female mites 
with distinguishing characteristics of diapause (deep orange color, Figure 2-1C) 
were collected and homogenized according to the protocol of RNeasy mini kit 
(Qiagen). The 4-fold replicated control groups consisted of 100 adult females that 
did not enter diapause under similar diapause inducing conditions (Figure 2-1A). 
An additional washing step with one volume of chloroform:iso-amylalcohol (24:1) 
was performed to decrease the amount of pigments in the supernatant (Kim and 
Hamada, 2005). The quality and quantity of the total RNA was analyzed by a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and by running 
an aliquot on a 1% agarose gel. 
 
3.3 RNA preparation for qPCR 
For qPCR experiments, total RNA was extracted from 3 replicates of 100 
adult females of the strains LS-VL, London, MR-VL and Tu-SB9. After 
homogenization, RNA was extracted according to the protocol of the RNeasy mini 
kit (Qiagen). The quality and quantity of total RNA was analyzed as 
abovementioned. 
 
3.4 Microarray construction 
A custom Sureprint genome wide G3 Gene Expression 8x60K microarray 
(GEO Platform accession GPL16890) was designed using the Agilent eArray 
platform (Agilent Technologies) based on the T. urticae gene annotation file frozen 
in April 2011, including coding sequences of 18,217 predicted unigenes, as 
previously described (Demaeght et al., 2013; Dermauw et al., 2013b). The slide 
layout consisted of eight arrays per slide. 
 
3.5 Microarray preparation, hybridization and analysis 
One hundred nanograms of RNA of non-diapausing (4 replicates) and 
diapausing mites (4 replicates) were used to generate Cy3- and Cy5-labeled 
cRNA respectively, using the Agilent Low Input Quick amplification labeling kit 
(version 6.5, Agilent Technologies). RNA spike-in controls (Agilent Technologies) 
were added to diluted aliquots of RNA samples before cRNA synthesis. The 
labeled cRNA was purified with the RNeasy mini kit (Qiagen). The dye content and 
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concentration of cRNA was measured by NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies). Cy3- and Cy5-labeled cRNAs were pooled and 
hybridized using the Gene Expression Hybridization Kit (Agilent Technologies) for 
17h in a rotating hybridization oven at 10 rpm and 65°C. After hybridization, slides 
were washed using the Gene Expression Wash Buffer kit (Agilent Technologies), 
treated with Stabilization and Drying solution (Agilent Technologies), protected by 
an Ozone-Barrier cover (Agilent Technologies) until scanned by an Agilent 
Microarray High Resolution Scanner with default settings for 8 × 60K G3 
microarrays. Data were normalized by the Agilent Feature Extraction software 
version 10.5 (Agilent Technologies) with default parameter settings for gene 
expression two-color microarrays (protocol GE2_107_SEP09) and transferred to 
GeneSpring GX 11.0 software (Agilent Technologies) for further statistical 
evaluation. Next, probes were flag filtered (only probes that had flag-value 
‘detected’ in 50% of the replicates were retained) and linked to the most recent 
annotation file (September 2011, (Sterck et al., 2012)) using the ‘Create New 
Gene-Level Experiment”-option. Genes with a Benjamini-Hochberg false 
discovery rate (FDR) corrected p-value < 0.05 and with an absolute fold change 
(FC) ≥ 2 were considered as differentially expressed. The microarray data 
reported in this paper have been deposited in the Gene Expression Omnibus 
(GEO) (accession number: GSE48858). 
 
3.6 Functional annotation and analysis of the microarray dataset 
Differentially expressed genes were exported in Blast2GO software 
v.2.6.3 (Conesa et al., 2005). This tool enables homology searches based on 
Protein Basic Local Alignment Search Tool (BLASTP) against the NCBI non-
redundant protein database using an E-value cut-off of 1e-15. Subsequently, 
Blast2GO mapping performs different steps to link all best BLAST hits to 
information stored in the Gene Ontology (GO) database. All these mapping results 
are associated to an Evidence Code which provides information about the quality 
of mapping. After mapping, the results were subjected to GO annotation whereas 
GO terms were selected from the GO pool with a threshold of 1e-15 and assigned 
to the sequences. Further annotation was done using InterPro annotation in 
Blast2GO and corresponding GO terms were transferred to the sequences and 
merged with already existent GO terms. For the complete genome, the functional 
analysis stopped here. But for the genes that were differentially expressed in the 
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microarray, GO terms were modulated using the Augment annotation tool by 
Annex (Myhre et al., 2006) followed by GO-Slim which is a reduced version of the 
Gene Ontology database that contains a selected number of relevant nodes. 
 
3.7 Gene ontology terms enrichment analysis 
Within Blast2GO, an analysis was performed on gene function 
information, by the statistical assessment of GO term enrichment in a group of 
genes of interest when compared with a reference group i.e. to assess the 
functional differences between two sets of functional annotations. This was 
integrated in Blast2GO by Gossip (Blüthgen et al., 2005) that performs a Fisher’s 
Exact test in combination with a Benjamini-Hochberg False discovery rate (FDR) 
correction for multiple testing. The option “Two-Tailed” was selected to perform a 
test which considers both directions as extreme and this translates to over- and 
under-represented Gene Ontology functions in the test-set compared to a 
reference set. The result of this test returns a list of significant GO terms ranked 
by p-values. GO terms with a Fisher Exact test FDR corrected p-values < 0.01 
were considered as statistically significant and in order to reduce the size of the 
result-set to existing, statistically significant, child GO terms, the function “reduce 
to most specific terms” was used. This function enables to simplify the outcome of 
GSEA in case of a very large list of enriched GO terms by removing parent terms 
of already existing, statistically significant, child GO terms that represent the same 
functional concept but at different levels of specificity. 
To identify statistically over-represented functions in our dataset, a 
Fisher’s exact test was carried out with the selected differentially expressed genes 
compared to the completely functional annotated genome of T. urticae. Between 
the sets of up-and down-regulated genes, a second enrichment test was 
performed to detect different biological roles of these sets during diapause. 
 
3.8 Microarray confirmation by qPCR 
In order to validate the microarray results, gene specific primers (for 
primers see Chapter 2) were designed for 13 differentially expressed T. urticae 
genes (7 up- and 6 down-regulated genes) using Primer 3 v0.4.0. (Rozen and 
Skaletsky, 2000). T. urticae genes coding for actin (tetur09g05350), ubiquitin 
(tetur03g06910) and RP49 (tetur18g03590) were tested for their suitability as 
reference genes by comparing expression patterns between diapausing and non-
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diapausing forms. Transcriptomic data generated by the microarray platform 
showed no differential expression for these three potential housekeeping genes. 
In addition, preliminary qPCR runs indicated the consistent expression of the 
genes actin and RP49 and therefore these genes were selected as validated 
reference genes for the qPCR experiments in Chapter 2 and 3. Total RNA was 
extracted as described above and cDNA was synthesized with 2 μg of total RNA 
using the Maxima First Strand cDNA synthesis kit for RT-PCR (Fermentas Life 
Sciences). Three biological and two technical replicates were used to conduct 
these experiments and no-template-controls were added to exclude sample 
contamination. All qPCR reactions were carried out with the thermal cycler 
Mx3005P (Stratagene). Reactions were prepared with Maxima SYBR Green 
qPCR/Master Mix following the manufacturer’s instructions (Fermentas Life 
Sciences). The reactions were run with the following protocol: initial denaturation 
at 95°C for 10s followed by 35 cycles of 95°C for 15s, 55°C for 30s, 72°C for 30s. 
At the end of these cycles, a melting curve (from 55°C to 95°C, 1°C per 2s) was 
generated to confirm the absence of non-specific amplification. Standard curves 
were constructed for every primer pair using different cDNA dilutions to calculate 
the primer specific amplification efficiency. These efficiencies were incorporated 
in calculations of the expression values. The housekeeping genes with the highest 
efficiency and constant Ct values were selected and the obtained Ct values of 
these genes were used for normalization. Analysis of qPCR results was performed 
according to Pfaffl (Pfaffl, 2001), producing relative expression values of the target 
gene. Significant differences in gene expression of the target gene were tested 
with pairwise fixed reallocation randomization (Pfaffl et al., 2002). 
 
4 Results and discussion 
4.1 Micro-array analysis of diapausing T. urticae females 
A laboratory strain (LS-VL) of Tetranychus urticae was grown under 
environmental conditions that induce diapause (L:D regime of 8:16h at a 
temperature of 17°C). Under these conditions, approximately 10–30% of the 
population entered diapause. This made it possible to select and collect both 
diapausing and non-diapausing mites with a common genetic background that 
developed under identical environmental conditions (Figure 2-1A and Figure 
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2-1C). The gene expression differences between these two distinctive groups 
should be mainly linked to diapause and were the foundation of this analysis. 
We compared gene expression levels between diapausing and non-
diapausing mites by analyzing genome-wide microarray experiments, including 
probes for a total number of 18,217 predicted unigenes (Dermauw et al., 2013b). 
Analysis revealed that 1,994 genes (11% of all predicted genes) were differentially 
expressed (absolute FC ≥ 2, FDR <0.05) (Figure 2-2), of which 1078 were 
downregulated and 916 were upregulated in diapausing females. The expression 
level of the 20 most upregulated genes varied from a FC of 45 to 407 and included 
many genes with an unknown function (Appendix 2-B). Genes with known 
homologues included a T. urticae homologue of 5’ nucleotidase (tetur16g01680, 
FC 67) and a gene encoding a protein with a thioredoxin domain (tetur46g00020, 
FC 46). Among the 20 most downregulated genes in diapausing mites, genes with 
known functions and homologues included six vitellogenin genes (tetur39g00700, 
tetur39g00720, tetur39g00810, tetur43g00010, tetur43g00020, tetur516g00020, 
FC between 172 and 511), one lipase A gene (tetur09g06700 with a FC of 593), 
a gene belonging to the peroxidase family (tetur13g03760, FC 124), a midA gene 
(tetur09g06670, FC 116), a phosphatidylserine decarboxylase (tetur12g01500, 
FC 102), a glucose dehydrogenase (tetur03g09330, FC 99) and a serine protease 
(tetur19g00740, FC 95) (Appendix 2-B). Noteworthy, the downregulation of 
vitellogenin genes in diapausing T. urticae females was considered by Kawakami 
et al. (2009) as a validation of true diapause. 
A confirmation of the microarray experiment was conducted by qPCR. A 
similar trend was found between fold changes extracted from the complete 
genome microarray and the mean fold change data obtained by qPCR (Appendix 
2-C). 
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Figure 2-2: Volcano plot of differentially expressed genes in diapausing T. urticae females identified by microarray 
analysis. The log10(FDR corrected p-values) were plotted against the log2(FC) in gene expression. Genes 
upregulated (n = 916) by twofold or more and with a FDR corrected p-value < 0.05 are depicted as red dots, genes 
that were downregulated (n = 1078) by twofold or more and with a FDR corrected p-value < 0.05 are shown with 
green dots. All other genes in the array that were not found to be differentially expressed are depicted as grey 
dots. 
 
4.2 Functional analysis and Gene Set Enrichment Analysis (GSEA) of 
differentially expressed genes in diapausing T. urticae females 
A functional analysis of the differentially expressed genes revealed that 
947 genes, 48% of total differentially expressed genes, could be assigned to a GO 
category. When the complete genome was categorized in a similar way, 6,105 
genes, 33% of total number of T. urticae genes, were classified in GO terms. 
Details of the GO classification can be found in Appendix 2-D. Based on this GO 
classification, a Gene Set Enrichment Analysis (GSEA) was carried out to screen 
for an enrichment of the differentially expressed genes compared to the complete 
genome of T. urticae (Fisher Exact test FDR corrected p-values < 0.01, reduced 
to most specific terms) (Table 2-1). Notable was the enrichment of gene sets 
related to oxidoreductase activity (FDR=3.46e-05), negative regulation of 
multicellular organism growth (FDR=5.77e-05), carboxylic ester hydrolase activity 
(FDR=5.19e-04) and fatty acid synthase activity (FDR=2e-03). These GO terms are 
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indicative of several expected adaptations on the molecular level further discussed 
below. Other diapause enriched gene sets were the categories of response to acid 
(FDR=1e-03) and response to wounding (FDR=2e-03) which are both related to 
stimuli responses. Underrepresented gene sets of the biological processes of 
translation (FDR=6.3e-04), cell cycle (FDR=1e-04) and RNA processing (FDR=4e-
03), indicating the arrest of cell growth and a decrease in protein synthesis. 
Subsequently, a GSEA was performed to retrieve information on the over- or 
underrepresentation of the upregulated genes compared to the downregulated 
genes (Figure 2-3). Clear differences were observed for a number of categories. 
For signal transduction, upregulated genes (n = 60) were more represented than 
downregulated genes (n = 13) (FDR = 1.86e-11). The cytoskeleton and actin 
binding related GO terms were also more abundant in diapausing mites (FDR = 
2.13e-04 and FDR = 2e-03, respectively). On the other hand, the GO category of 
peptidase activity was overrepresented in the downregulated genes (FDR = 4.13e-
08) as well as the GO terms of catabolic processes, carbohydrate binding, 
carbohydrate metabolic process and the cellular component of lysosome (FDR = 
4.97e-04, 7e-03, 1e-04 and 3.2e-04 respectively) indicating a shutdown of anabolic 
and catabolic mechanisms in diapause females. Combining this analysis with 
available literature and the draft genome sequence of T. urticae, we focused our 
following analysis on specific processes related to diapause in more detail below. 
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Table 2-1: Enriched GO categories in diapausing T. urticae females. 
Category GO term Term Enrichment FDR 
Molecular Function GO:0016491 oxidoreductase activity over 3.46E-05 
Biological Processes GO:0040015 negative regulation of multicellular organism growth over 5.77E-05 
Molecular Function GO:0052689 carboxylic ester hydrolase activity over 5.19E-04 
Biological Processes GO:0001957 intramembranous ossification over 0.001 
Biological Processes GO:0001101 response to acid over 0.001 
Biological Processes GO:0009611 response to wounding over 0.002 
Molecular Function GO:0004312 fatty acid synthase activity over 0.002 
Cellular Component GO:0043202 lysosomal lumen over 0.004 
Biological Processes GO:0008202 steroid metabolic process over 0.004 
Biological Processes GO:0030574 collagen catabolic process over 0.009 
Cellular Component GO:0005654 nucleoplasm under 4.41E-05 
Biological Processes GO:0006412 translation under 6.29E-04 
Cellular Component GO:0043232 intracellular non-membrane-bounded organelle under 9.91E-04 
Biological Processes GO:0007049 cell cycle under 0.002 
Biological Processes GO:0006396 RNA processing under 0.004 
Molecular Function GO:0005488 binding under 0.005 






GO:0016044 cellular membrane organization under 0.005 
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Figure 2-3: Gene Ontology (GO) categories with a significant difference between the number of up- and 
downregulated genes in diapausing T. urticae females. Red bars show the number of downregulated T. urticae 
genes while blue bars show the number of upregulated T. urticae genes for each GO category. The number of 
upregulated and downregulated genes within each GO category were considered as statistically different when 
the Fisher Exact test FDR corrected p-value was less than 0.01. 
 
4.3 Adaptations in feeding and detoxification 
A noticeable behavioural change indicating that T. urticae is preparing for 
a facultative reproductive diapause, is the fact that it stops feeding and empties 
the stomach, before migrating to hibernation shelters (Veerman, 1985). This 
phenomenon was clearly reflected in the GO analysis. Many genes coding for 
enzymes involved in feeding, like digestive and detoxifying enzymes, were 
differentially expressed during diapause. About 50% of the total number of T. 
urticae cysteine peptidases (44 out of 87), showed a significant downregulation. 
Cysteine peptidases are involved in hydrolysis of peptide bonds using a catalytic 
cysteine and at present, 72 families of cysteine peptidases are identified. In 
diapausing mites, the downregulated genes belong to the papain-like (C1A) family 
(32 genes), the legumain (C13) family (2 genes) and the calpain (C2) family (10 
genes) (Santamaría et al., 2012) (Appendix 2-E). Particularly the C1A family is 
known to be involved in the digestion of food (Cristofoletti et al., 2005; Soares-
Costa et al., 2011) but this family is also implicated in embryogenesis and 
metamorphosis (Cho et al., 1999; Liu et al., 2006). In the insects, P. volucre 
(Colinet et al., 2012) and D. melanogaster (Baker and Russell, 2009), the 
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overexpression of these cysteine peptidases is associated with the termination of 
diapause to allow to resume digestion (MacRae, 2010). 
The genome of T. urticae harbors a remarkable number of genes 
encoding for well-known detoxifying enzymes such as cytochrome P450 
monooxygenases (CYPs), glutathione-S-transferases (GSTs), carboxyl/choline 
esterases (CCEs) and ABC transporters (ABCs). This high number of detoxifying 
enzymes in T. urticae is thought to be the result of lineage-specific expansions 
and has recently been shown to be involved in feeding, pesticide resistance and 
host plant adaptation (Demaeght et al., 2013; Dermauw et al., 2013b; Grbić et al., 
2011). The effects of diapause were also reflected in the regulation of these 
specialized genes. Of all 82 CYPs annotated in the genome, 29 were differentially 
expressed. Interestingly, the majority of differentially expressed CYP genes are 
upregulated in diapause (19 CYP genes belonging to the CYP2, CYP3 and CYP4 
clan, FC between 2.0-4.1) (Appendix 2-F). Next to detoxification, CYPs contribute 
to several vital processes including biosynthesis and degradation of ecdysteroids 
and juvenile hormones and the metabolism of plant allelochemicals and pesticides 
(Feyereisen, 1999). In the silkmoth, Antheraea yamamai, a CYP gene (CYP4G15) 
was highly expressed during diapause in the pharate first instar larvae and was 
suggested to be involved in the diapause termination pathway (Yang et al., 2008). 
Another dormancy involved CYP is the daf-9 gene of the nematode C. elegans, 
belonging to the CYP2 clan and resembles steroidogenic and fatty acid 
hydroxylases as well as xenobiotic detoxifying genes. This gene serves as a 
central point of developmental control, produces hormonal signals and influences 
the decision of the nematode to choose between a developmental arrest as a third 
instar dauer larva or the completion to a reproductive adult (Gerisch and Antebi, 
2004). In addition, 10 CYPs were downregulated in T. urticae (FC between 2.0-
23.2), of which tetur05g04000 was the most downregulated T. urticae CYP gene. 
The majority of these downregulated CYPs belong to the 389 subfamily that is one 
of the spider-mite-specific expansions and the regulation of this group appears to 
be greatly affected by the host plant range (Grbić et al., 2011), suggesting their 
involvement in xenobiotic detoxification. 
Next to CYPs, the expression of T. urticae carboxyl/choline esterases 
(CCEs) was also influenced by the diapausing status of T. urticae: 13 genes were 
downregulated and 18 genes showed an upregulation (Appendix 2-G). All 
differentially expressed CCEs in diapausing spider mites, except tetur19g00850, 
belonged to two new clades under the neurodevelopmental root of CCE phylogeny 
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(Grbić et al., 2011). Tetur19g00850 encodes the enzyme acetylcholinesterase, 
one of the best characterized CCEs, which is responsible for the hydrolysis of 
acetylcholine in the nervous system. This gene was two-fold upregulated in 
diapausing mites, and expression also appears to fluctuate in the moth Celerio 
euphorbiae during diapausing pupal development during winter (Grzelak et al., 
1970). Also in other organisms, cholinesterases have been reported to be involved 
in diapause. In the brain of giant silkmoths, they have been associated with a 
reduction of electrical activity during pupal diapause (Van Der Kloot, 1955). 
However, other studies observed changes in the cholinergic system that are more 
influenced by the growth and development of the nervous system than by the 
mechanism of diapause induction and termination (Mansing and Smallman, 1967; 
Shappirio et al., 1967). The downregulation of 13 CCE genes probably also 
reflects the decrease in food uptake during diapause. 
Twenty-five percent of the 32 T. urticae GSTs (Grbić et al., 2011) were 
downregulated (FC 2–5) while only one (tetur26g01490) was upregulated under 
diapausing conditions (Appendix 2-H). Three differentially expressed genes were 
classified into the Delta-class GSTs and 5 belonged to the Mu-class which was 
previously believed to be vertebrate-specific (Grbić et al., 2011). One of the 
downregulated genes, tetur01g02320 (FC 2), belonged to the Omega-class. 
Recently, it was suggested that an Apis cerana cerana gene belonging to this class 
displayed protective effects against oxidative stress (Zhang et al., 2013). In 
general, GSTs are important in Phase II of the detoxification process, acting by 
conjugating glutathione to xenobiotics or their derivatives. The lower expression 
of Delta- and Mu-class GSTs, can be associated with the lack of feeding and the 
reduced intake of potential xenobiotics. In addition, glutathione is often associated 
with the removal of reactive oxygen species (ROS) and results in a change of the 
ratio of reduced glutathione (GSH) over oxidized glutathione (GSSG). This ratio 
serves as an indicator of oxidative stress and is also influenced by GSTs, which 
are capable of catalyzing the oxidation of GSH via conjugation. It has been shown 
for the European corn borer Ostrinia nubilalis that GST activity in mitochondria 
was lower under diapause than under non-diapause conditions indicating a lower 
GSH/GSSG ratio creating oxidizing conditions (Jovanović-Galović et al., 2007, 
2004). Similar to insects, the downregulation of GST genes in the two-spotted 
spider mite could indicate the transition of a reducing to an oxidative gut 
environment under diapause conditions. 
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The expression of ABC-transporters was also affected and of the 103 
ABC genes annotated in the T. urticae genome (Dermauw et al., 2013a), 20 genes 
displayed a differential expression (Appendix 2-I). The differentially expressed 
genes coding for ABC-transporters of class C were all downregulated (absolute 
FC 2.1-7.3) except for one gene (FC 2). This class of ATP-binding cassette 
transporters constitutes efflux pumps, also named multidrug resistance associated 
proteins (MRP), and many proteins of this class have been implicated in reducing 
the cellular concentration of toxic compounds (Dermauw et al., 2013a; Pohl et al., 
2011). The fact that diapausing spider mites do not feed, implies that also the 
intake of toxic compounds will decrease and downregulation of the ABCC genes 
could be a consequence of this. On the other hand, in the nematode C. elegans, 
an MRP-1, was detected to mediate the regulation of dauer larvae formation (Yabe 
et al., 2005), and the precise role of ABCC genes in diapause needs to be further 
investigated. Four ABC-transporters class G were also differentially expressed. 
One gene, tetur17g02510 was upregulated (FC 3.5) and previously identified as a 
clear orthologue of D. melanogaster CG3327, also known as Early gene 23 (E23) 
(Dermauw et al., 2013a). This E23 is a 20-OH ecdysone-induced ABC transporter 
that is capable of regulating 20E responses during metamorphosis, probably by 
removing 20E from cells (Hock et al., 2000). In Drosophila flies, it is also believed 
that E23 controls the circadian clock in adult flies through ecdysone-mediated 
expression of the clock gene vrille (Itoh et al., 2011). Although T. urticae uses a 
different molting hormone than flies do (ponasterone A instead of 20E) (Grbić et 
al., 2011), the upregulation of tetur17g02510 during diapause and its function at 
this life stage could be crucial and merits further investigation. In the ABC-
transporters class H, six genes showed a differential expression ranging from a 
downregulation of 5.6 to an upregulation of 4.5. This transporter class was not 
associated with feeding, but recent studies suggest an involvement in cold 
hardening in D. melanogaster (Qin et al., 2005), resistance in Plutella xylostella 
(You et al., 2013) and lipid transport to the cuticle in Tribolium castaneum 
(Broehan et al., 2013). 
Finally, genes encoding for intradiol ring-cleavage dioxygenases (ID-
RCDs) were greatly influenced by the condition of diapause. Out of 17 ID-RCD 
genes, 11 were differentially expressed and all except one, showed a significant 
downregulation ranging from 2 to 37 times (Appendix 2-J). These ID-RCDs are 
among the most compelling cases of horizontal gene transfer in the genome of T. 
urticae, as they are specific for bacteria and fungi, with no known homologues in 
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Metazoa (Dermauw et al., 2013b; Grbić et al., 2011). They seem to have an 
important role in host plant adaptation, and are also constitutely overexpressed in 
several highly multi resistant spider mite strains (Dermauw et al., 2013b). In 
bacteria and fungi, they cleave aromatic rings of catecholic substrates, but their 
precise function in T. urticae remains until now unclear (Dermauw et al., 2013b). 
Among detoxifying families, ID-RCDs showed one of the most prominent 
responses to diapause strongly suggesting an important role in digestion or 
detoxification. 
 
4.4 Cryoprotection mechanisms 
4.4.a Polyol metabolism 
Evolutionary adaptations among arthropods to enter diapause are not 
limited to those that downregulate the metabolism and energy production, but also 
include metabolic changes that allow them to survive the direct effect of harsh 
conditions such as life-threatening temperatures. Already in 1957, it was reported 
that diapausing eggs of the silkworm are accumulating sorbitol and glycerol that 
serve as cryoprotectants (Chino, 1957). Thereupon, more polyols and sugars were 
discovered in various arthropods including mannitol, glucose, ribitol, arabinitol and 
threitol as well as trehalose and the amino acid alanine (Koštál et al., 2004; Miller 
and Smith, 1975; Sømme, 1982). Synthesis of polyols is not exclusively assigned 
to diapause but is also often attributed to rapid cold-hardening (Koštál et al., 2004; 
Michaud and Denlinger, 2007). A biochemical study of diapause in T. urticae 
previously revealed an enrichment of potential cryoprotectants (Khodayari et al., 
2013). It was found that during diapause, the level of glucose, maltose, inositol 
and ribitol increased significantly compared to non-diapausing mites and lowering 
the temperature to 5°C caused a shift in accumulation to mannitol and sorbitol. 
Worth mentioning is that the concentration of alanine, together with glutamate, did 
not decrease during diapause (Khodayari et al., 2013). Alanine is also found to 
serve as a cryoprotectant in Gynaephora groenlandicae (Kukal et al., 1991, 1988) 
and associated with freeze survival in Enchytraeus albidus (Slotsbo et al., 2008) 
and a freeze tolerant frog Rana sylvatica (Storey and Storey, 1986). 
The results of our gene expression analysis partly support these 
metabolic changes at the molecular level. Inositol or 1D-myo-inositol are 
intermediates of the inositol phosphate metabolism and genes encoding for direct 
key enzymes were differentially expressed (Figure 2-4, Appendix 2-K). Inositol 
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monophosphatase (IMPA) dephosphorylates several molecules into 1D-myo-
inositol and T. urticae orthologues of this enzyme, tetur32g00440 and 
tetur32g01900, were upregulated (FC 2.0 and 2.1 respectively) in diapausing 
spider mites. Another important enzyme is inositol oxygenase (MIOX) which 
converts 1D-myo-inositol into D-glucuronate and plays a key role in the ascorbate 
metabolism. Its orthologue, tetur19g00780, was 4.3 times downregulated in 
diapausing spider mites, possibly to maintain high levels of these cryoprotectants. 
The enzyme, phosphatidylinositol phospholipase C, PLC, converts 1-
phosphatidyl-1D-myo-inositol-4,5P2 to 1D-myo-inositol-1,4,5-P3 and its orthologue 
tetur05g05350 was upregulated (FC 2.2) during diapause. Subsequently, 1D-
myo-inositol-1,4,5-P3 is dephosphorylated by inositol-1,4,5-trisphosphate 5-
phosphatase, INPP5, to 1D-myo-inositol-1,4-P2. Tetur08g02900, one of the genes 
encoding for this INPP5 enzyme, was upregulated 2.5 times. In conclusion, the 
differential expression of genes belonging to the inositol phosphate pathway 
endorses the hypothesis that T. urticae synthesizes inositol which is involved in 
cryoprotection. It was first discovered that inositol accumulates in hibernating 
adults of beetles (Hoshikawa, 1982; Koštál et al., 2007) and afterwards associated 
with cold hardening in several insects (Koštál et al., 2007; Saeidi et al., 2012; 
Wang and Kang, 2005). Also the hibernating adult house spider, which belongs 
together with T. urticae to the Arachnida, was shown to protect against cold-shock 
damage by the synthesis of inositol (Tanaka, 1995). In hydrophilic soil arthropods, 
the accumulation of myo-inositol is essential to increase the osmotic pressure and 
to maintain their body fluids in a hyperosmotic state. This causes net water uptake 
from the atmosphere by passive diffusion (Bayley and Holmstrup, 1999). Next to 
inositol related pathways, our analysis also revealed that a maltase gene 
(tetur06g01620) is 4.4 times downregulated, and this could indicate an increase 
of maltose, which was previously observed by direct measurements in T. urticae 
(Khodayari et al., 2013). Maltose is a disaccharide formed from two units of 
glucose and its hydrolysis is catalyzed by the enzyme maltase which regenerates 
glucose levels. This maltose sugar is also enriched in several species during 
diapause and after cold hardening (Colinet et al., 2007; Overgaard et al., 2007) 
and is already used as a supplementary cryoprotectant for algae, protozoa 
(Hubálek, 2003) and in pretreatment of embryogenic cultures of the maritime pine 
tree (Marum et al., 2004). 
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Figure 2-4: T. urticae enzymes involved in inositol phosphate metabolism and their expression in diapausing T. 
urticae females. The inositol phosphate metabolism pathway was derived from the KEGG metabolic pathway 
database for D. melanogaster (http://www.genome.jp/kegg-bin/show_pathway?ko00562). The name and E.C. 
number of each enzyme involved in the IPM pathway is listed next to the arrows while accession numbers of T. 
urticae homologues of D. melanogaster enzymes involved in IPM are mentioned between brackets (see Appendix 
2-K). T. urticae homologues presented with a green font where significantly upregulated (FDR < 0.05, |FC| ≥ 2) in 
diapausing T. urticae females while those shown with a red font were significantly downregulated (FDR < 0.05, 
|FC| ≥ 2). Abbreviations: INPP1 = Inositol polyphosphate 1-phosphatase, I3K = inositol 3-kinase,IMPA = inositol 
monophosphatase 3, MIOX = inositol oxygenase, INPP5 = inositol-1,4,5-trisphosphate 5-phosphatase, PLC = 
phosphatidylinositol phospholipase C. 
 
4.4.b Putative antifreeze proteins 
One of the most striking differentially expressed genes in our analysis 
consisted of a small family of ‘hypothetical proteins’ (Appendix 2-B). An InterPro-
scan revealed that the majority (16/20) of these hypothetical proteins contains the 
“Insect Antifreeze Protein” motif (IPR016133 with an E-value between 1e-04 and 
1e-06). Moreover, a BLASTp search against the non-redundant protein database 
of NCBI also hit to antifreeze proteins of Coleopterans with a low to moderate E-
value (between 1e-02 and 1e-6). All members from this family were predicted as an 
insect AFP by AFP-Pred, a developed software tool using a “random forest” 
approach for the prediction of antifreeze proteins (Kandaswamy et al., 2011). 
Extensive analysis of these putative AFPs is discussed in Chapter 3. 
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4.5 Cytoskeletal organization 
The cytoskeleton plays a critical role in the process of cold-
acclimatization in arthropods. For Culex pipiens, it was reported that two actin 
genes were highly overexpressed in early diapause (Kim et al., 2006; Robich et 
al., 2007). In addition, the upregulation of actin genes was also associated with a 
redistribution of polymerized actin during exposure to cold in non-diapausing and 
diapausing mosquitoes. The functional analysis of our enriched GO terms showed 
that more genes associated with the cellular component of the cytoskeleton and 
the molecular function of actin binding were upregulated than downregulated 
during diapause (Figure 2-3). Of the 15 genes associated with the cytoskeleton, 
five showed high identity with the myosin heavy chain protein (a BLASTp hit (E-
value < 1e-144) of Camponotus floridanus). Myosin heavy chain (MHC) isoforms 
are complex, multifunctional contractile proteins with an ATPase activity and are 
associated with other MHCs and myosin light chains to form the sarcomeric thick 
filament (George et al., 1989; Wells et al., 1996). Many organisms have several 
MHC isoforms that fulfill various functions and differ in their expression patterns. 
They were found to be involved in translocation of actin filaments (Lowey et al., 
1993) and are selectively repressed during dissolution of insect skeletal muscles 
at the end of the metamorphosis of Manduca sexta (Schwartz et al., 1993). In 
crustaceans, it has been shown that the increased expression of MHC was 
temperature related and could not specifically be ascribed to diapause (Whiteley 
et al., 1997). More recently, a sequence that matched with a Drosophila MHC was 
found in the diapause-destined Artemia franciscana embryo (Qiu et al., 2007).  
In T. urticae, two genes, tetur20g00190 and tetur20g00160, that are 
coding for muscle-specific proteins 300 (MSP300) are also upregulated and are 
associated with the actin microfilament system (Rosenberg-Hasson et al., 1996). 
A similar muscular protein, MSP20, was also found to be upregulated in the 
diapausing P. volucre (Colinet et al., 2012). The gene tetur23g00300 is related to 
a formin homology 2 domain containing protein (a BLASTp hit (E-value = 8.59e-
133) with formin homology 2 domain containing 3 of Homo sapiens) and is known 
as an actin-organizing protein. Tetur23g00300 was upregulated and the GO terms 
of actin binding and cytoskeleton components were assigned to this gene. In the 
GO-term pool of actin binding, two genes, tetur11g04370 and tetur11g04320, with 
a LIM domain were upregulated. These LIM domains are present in many proteins 
with diverse functions. One of these functions involves a direct or indirect 
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interaction with the actin cytoskeleton. Besides these genes that came up in the 
GSEA, other cytoskeleton-related genes also showed a differential expression. 
Four ankyrin related genes, tetur01g08790, tetur11g02270, tetur15g02730 and 
tetur19g00130, were upregulated, while a cuticular protein, tetur06g01680, was 
downregulated. This is exactly the opposite of what was observed in the proteomic 
profiling of the aphid parasitoid P. volucre (Colinet et al., 2012). Ankyrin proteins 
are implicated in coupling integral membrane proteins to the cytoskeleton network 
which can cause dynamic interactions among cytoskeletal filaments. Moreover, 
the upregulation of ankyrin-like proteins is linked to the recovery of insects from 
cold stress (Clark and Worland, 2008). The differential gene expression of genes 
coding for cytoskeleton-related proteins suggests that a reorganization of these 
structures might take place during diapause and that the cytoskeleton is 
considerably distinct from that of non-diapausing spider mites. 
 
4.6 Carotenoid synthesis 
Already in 1974, Veerman (Veerman, 1974) detected that diapausing 
females of T. urticae showed a more than two-fold increase in total ketocarotenoid 
pigment content than the green summer females. Further research demonstrated 
that carotenoids not only cause the striking color difference between diapausing 
and non-diapausing females, but also that carotenoids are functionally involved in 
photoperiodism (Veerman, 1980; Veerman and Helle, 1978). The perception of 
this photoperiod by mites requires the presence of a photoreceptor and was long 
unknown. Rearing albino strains on carotenoid-containing and carotenoid-free 
diets demonstrated the potential of vitamin A as photoreceptor (Bosse and 
Veerman, 1996). When wild-type females fed on the carotenoid free diets, they 
could still enter diapause which according to Bosse and Veerman (1996)  could 
be allocated to the transfer of maternal carotenoids to the egg. In this study, it was 
also assumed that the amount of carotenoids present in the egg was not only 
enough for diapause induction but also for the body coloration of the diapausing 
female. Recently, Grbić et al. (2011) demonstrated that T. urticae possesses two 
horizontally transferred fused carotenoid cyclase/synthase genes and three 
carotenoid desaturase genes. These genes most likely originate from a 
Mucorales-related fungal donor and are similar to the pea aphid, Acyrthosiphon 
pisum, carotenoid genes (Moran and Jarvik, 2010). Varying numbers of diversified 
carotenoid desaturases have been found in 34 aphid species and the related 
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insect group Adelgidae (Novakova and Moran, 2012). Most recently, Cobbs et al. 
(Cobbs et al., 2013) reported the third case of fungal carotenoid biosynthesis gene 
homologues in gall midges (Diptera: Cecidomyiidae). Several other cases of 
horizontal gene transfer have been described in arthropods and most of them have 
their origin in bacteria, particularly in the Wolbachia genus. Only few of those 
laterally transferred genes to arthropods have been proven to be functional (Acuña 
et al., 2012; Wybouw et al., 2014, 2012) and are thought to underpin arthropods 
in herbivory adaptations (Wybouw et al., 2016). 
In our microarray experiment, four genes involved in carotenoid synthesis 
were clearly differentially expressed in diapausing females (Appendix 2-L). 
Tetur01g11260 and tetur11g04840 encoding for the fused lycopene 
cyclase/phytoene synthase genes showed an upregulation (FC 6.2) and a 
downregulation (FC 1.8) respectively. Two out of three genes of the phytoene 
desaturase genes showed the same trend of regulation. One gene, 
tetur01g11270, displayed an upregulation with fold change of 5.8 and another 
phytoene desaturase gene, tetur11g04820, was downregulated (FC 24.5). 
Subsequently, we analyzed the expression of this complete set of carotenoid 
genes by qPCR in two green morphs (LS-VL and London), two red morphs (MR-
VL and Tu-SB9) and one diapausing condition of one of the green morphs (LS-
VL, 17°C and 8:16 L:D) (Figure 2-1). All results were compared to one of the green 
morphs (LS-VL) cultured at 24°C and 16:8 L:D (Figure 2-5). The expression of the 
fused lycopene cyclase/ phytoene synthase genes varied depending on the color 
and physiological state (diapause or not). The cyclase-synthase gene 
tetur01g11260 showed a consistent higher expression in diapausing and red 
morphs, while the cyclase-synthase gene tetur11g04840 was downregulated in all 
conditions compared to non-diapausing LS-VL mites. The expression of the three 
phytoene desaturase genes resembles the trend of the cyclase/synthase genes, 
as one gene, tetur01g11270, is upregulated in both red morphs and diapausing 
LS-VL mites and the other two genes, tetur11g04810 and tetur11g04820, are 
downregulated in red and diapausing mites. Moreover, the downregulation of 
tetur11g04810 was more pronounced: fold changes for the MR-VL red morph and 
diapausing LS-VL mites were 14.3 and 6.3 respectively. In the green London 
morph, this gene was upregulated with a fold change of 4.7 when compared to the 
green LS-VL morph. From this experiment, it seems that two out of five carotenoid 
genes are actively involved in the carotenoid synthesis during diapausing 
conditions and in the active red morphs. This data strengthens the general 
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expectation that these genes will enable mites, aphids and gall midges to 
synthesize their own carotenes, however the functionality of these genes has yet 
to be determined. Besides this group of horizontally transferred carotenoid genes, 
genes involving in carotenoid biosynthesis: GGPP synthase and carotenoid 
oxygenases were also detected in T. urticae. One of these carotenoid oxygenase 
genes, tetur06g06440 showed a downregulation in diapausing spider mites which 
could indicate a shift in beta-carotene molecules. 
Figure 2-5: Expression levels of carotenoid biosynthesis genes in T. urticae. qPCR quantification of expression 
levels of carotenoid biosynthesis genes in T. urticae. Green, light red, dark red and orange bars represent the 
relative mean expression in non-diapausing spider mites of the London strain (green morph), non-diapausing 
spider mites of the MR-VL strain (red morph), non-diapausing red spider mites of the Tu-SB9 strain (red morph) 
and diapausing spider mites, respectively, relative to expression in non-diapausing forms of the LS-VL strain 
(green morph). Error bars represent the standard error of the calculated mean based on three biological replicates. 
Asterisks indicate significant different expression compared to the reference condition (green, non-diapausing LS-
VL strain at 24°C). 
 
Previously, the gene regulation of one carotenoid desaturase 
(tetur01g11270) and one fused carotenoid cyclase-synthase (tetur01g11260), two 
of the whole set of five genes, were examined in green morphs, red morphs and 
diapausing mites by Altincicek et al. (2012). Their expression was subsequently 
investigated and showed that both genes were upregulated in red morphs in 
comparison to the green morphs. Diapausing conditions had a great influence on 
the expression, however at the final point of sampling, the green diapause morphs 
did not display the typical orange color indicative of diapause. Hence, possibly 
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mites in this study had not truly entered diapause, as many populations do not 
enter it, and results reflect that the conditions to induce diapause are sufficient to 
trigger the differential expression. Alternatively, pigmentation in the adult morphs 
might only slowly develop in these populations after the last molt, which has been 
previously documented (Kawakami et al., 2009). 
It was suggested that carotenoids and their derivates fulfill many 
important roles in insect physiology and life history (Heath et al., 2013). According 
to Bosse and Veerman (Bosse and Veerman, 1996; Veerman, 2001), the 
photoperiodic induction of diapause requires carotenoids in moths, butterflies, 
wasps and spider mites. Moreover, the receptor responsible for the photoperiod 
measurement appears to be an opsin photoreceptor that needs vitamin A, 
requiring carotenoids for its synthesis. Results suggest that the horizontal transfer 
of carotenoid synthesis genes may allow spider mites to enter diapause without 
depending on dietary intake of carotenoids (see Chapter 4). Another function of 
carotenoids is to protect arthropods from ultraviolet radiation and oxidative stress 
(Heath et al., 2013). In T. urticae, it was confirmed that diapausing females exhibit 
a lower mortality at different doses of UV than the green summer females (Suzuki 
et al., 2009). Both these threats are known to seriously damage the cellular 
components of arthropods. In insects, diapause is often accompanied by oxidative 
stress (Bao and Xu, 2011; Ragland et al., 2010; Robich et al., 2007; Sim and 
Denlinger, 2011) and besides the interaction of GSTs in the gut environment, an 
upregulation of carotenoids during diapause in T. urticae could increase the 
chance to survive these harsh conditions. 
 
4.7 Signal transduction and G-protein coupled receptors 
The token stimuli for the two-spotted spider mite to initiate diapause are 
a decrease in temperature or in the length of the photoperiod. These signals are 
most likely transmitted through messengers like hormones or other chemical 
substances in order to initiate the structural and functional changes related to 
diapause (Goto, 2016). In this experiment, four genes that were predicted to 
operate as G-protein coupled receptors (GPCRs) displayed a differential 
expression. Tetur14g00960, tetur05g00270 and tetur03g05860 show high 
similarity with the neuropeptide Y receptor, a tachykinin receptor and neuropeptide 
F, respectively, and were all upregulated (FC ranging from 2.2 to 7.6). Also one 
relaxin-like GPCR, tetur15g00700, was downregulated (FC 5.1) (Veenstra et al., 
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2012). Furthermore, the GO enrichment analysis revealed a high number of genes 
associated with signal transduction (GO:0007165), including a number of 
kinases/phosphatases and hormone responsive genes (Appendix 2-M). 
Interestingly, a number of nuclear receptors were downregulated, including the 
retinoid X receptor beta, tetur01g09220, which has been previously implicated in 
diapause (Clark et al., 2013). In addition, one of the 8 paralogs of Drosophila 
DHR96, tetur36g00260, was downregulated in diapausing mites. An increased 
expression of this paralogue has been previously associated with the response to 
xenobiotics in T. urticae (Dermauw et al., 2013b). The downregulation of DHR96 
in diapausing mites fits to the overall pattern of a decreased expression of genes 
associated with a reduced intake of xenobiotics. In B. mori, a diapause hormone 
was the first chemical substance that was identified as a maternal control factor to 
block progeny development (Yamashita, 1996). Later on, the GPCR for this insect 
diapause hormone was also discovered and turned out to serve as an inducer for 
embryonic diapause (Homma et al., 2006). Recently, also other GPCRs belonging 
to a pyrokinin/pheromone biosynthesis activating neuropeptide family have been 
found in the European corn borer and were downregulated during larval diapause 
(Nusawardani et al., 2013). The differential expression of the GPCRs found in T. 
urticae might indicate a role in the mechanisms underlying triggering and 
regulation of diapause. 
 
4.8 Comparison of diapause responses 
The gene regulation and gene expression patterns related to diapause 
appear to vary considerably among different organisms. Ragland et al. (2010) 
compared arrays of dormant and non-dormant phenotypes of S. crassipalpis, D. 
melanogaster and C. elegans and deduced that only a small set of 10 differentially 
expressed genes were regulated similarly (Ragland et al., 2010). Even among 
dipterans, patterns of gene expression were not more similar to each other than 
to C. elegans. This finding could imply that the regulation of diapause is not very 
conserved. On the other hand, two common physiological responses, i.e. those 
related to metabolism and stress resistance, were affected similarly during 
diapause across these three species. In order to investigate to which extent 
regulation of diapause by T. urticae aligns with that of these three species, we 
compared the pattern of the 10 across-species markers genes with that of the 10 
homologs from spider mites (Table 2-2). For 5 of these genes, the expression 
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patterns were similar across the four species. One of those genes, pyruvate 
carboxylase, is associated with both glycolysis as gluconeogenesis. The other 
irreversible gluconeogenesis enzyme phosphoenolpyruvate carboxykinase 
showed a slight downregulation where it displayed an upregulation in the dipterans 
and C. elegans. This variation in gene expression during dormancy i.e. dauer and 
diapause most likely reflects insects, nematodes and Acari having highly diverged 
life histories and acquired markedly different life styles during the course of their 
evolution. Furthermore, the life stage and profundity of diapause varies between 
these species and is likely reflected in diapause gene regulation. 
 
5 Conclusions 
In this chapter, a genome-wide microarray system was used to determine 
patterns of differential gene expression between diapausing and non-diapausing 
females of the two-spotted spider mite T. urticae. For these experiments, RNA was 
collected from a single population in which approximately 30% of the individuals 
had entered diapause under the applied inducing conditions. This allowed 
assessing gene expression differences between samples with a highly similar 
genetic background and which were reared under identical environmental 
conditions. GO analysis of differentially expressed genes revealed that many 
metabolic pathways are affected in diapausing females, especially those related 
to digestion and detoxification, cryoprotection, carotenoid synthesis and the 
organization of the cytoskeleton. Some of these transcriptional responses 
confirmed earlier metabolite studies in spider mites on the molecular level. 
However, we also discovered previously unknown adaptations, such as the 
proliferation in T. urticae of a unique class of putative antifreeze proteins (see 
chapter 3). These proteins were among the genes most strongly upregulated in 
diapausing females. Although further validation of their activity is needed, these 
proteins might be suitable for biotechnological applications related to 
cryoprotection. Furthermore, we documented differential expression of genes 
involved in signaling and signal transduction such as G-coupled receptor genes, 
possibly being the starting point towards understanding the regulation of diapause 
in this species. Comparison with other genome-wide diapause expression studies 
suggests that some fundamental changes are conserved, but that overall specific 
strategies have evolved across the different species. 
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Table 2-2: Differentially expressed genes between diapausing and active forms of D. melanogaster, S. crassipalpis, C. elegans and T. urticae1 
Gene FlyBase CG number D. melanogaster S. crassipalpis C. elegans T. urticae2 T. urticae accession number3 
ftz transcription factor 1 CG4059 down up down up tetur08g06490 (2e-88) 
Histone H2A variant CG5499 down4 down down down tetur11g02430 (2e-65) 
phosphoenolpyruvate carboxykinase CG17725 up up up down tetur12g00070 (0), 
tetur27g02510 (0) 
mutagen-sensitive 209 PCNA CG9193 down down down down tetur20g01760 (2e-94) 
ubiquitin c-terminal hydrolase CG3431 down down down down tetur05g03970 (1e-108), 
tetur189g00020 (9e-109) 
ribonucleoside diphosphate reductase 
small subunit 
CG8975 down down down down tetur12g00060 (6e-146), 
tetur27g02500 (6e-146) 
smt3 CG4494 down down down - - 
trehalose-6-phosphate synthase 1 CG4104 up down down - - 
pyruvate carboxylase CG1516 up up up up tetur05g04260 (0) 
juvenile hormone epoxide hydrolase 2 CG15102 up down up up tetur11g03700 (2e-90) 
1 expression data were derived from (Ragland et al., 2010) and this study. 
2 genes with a Benjamini-Hochberg false discovery rate (FDR) < 0.05 and with an absolute fold change (FC) > 1 were considered as differentially expressed. 
3 T. urticae accession numbers can be accessed at the ORCAE-database (http://bioinformatics.psb.ugent.be/orcae/), values between brackets represent E-values of best BLASTp hits (E-value < e-
60) of T. urticae proteins with protein sequences (Flybase CG numbers) of D. melanogaster genes. 
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1 Background 
nsects and mites are widely distributed over various ecological niches 
with different abiotic stress factors: drought, pH, pressure, humidity 
and temperature. Fluctuating temperatures pose major challenges for them and 
adaptations to survive below zero degrees define their ability to colonize 
temperate and polar (Arctic and Antarctic) regions. The minimum temperature is 
not the only aspect influencing the cold survival, but factors as the length of cold 
exposure, the rate of cooling and the presence of water also perform prominent 
roles (Michaud and Denlinger, 2004).  
 To escape these harsh conditions, insects and mites provide a battery 
of strategies including behavioural avoidance through migration and physiological 
mechanisms that are analogous among species. Traditionally, two categories, 
freeze-tolerance and freeze-avoidance, are widely studied for protective cold 
responses (Sinclair et al., 2003). A third protective cold response strategy, 
cryoprotective dehydratation, has been discovered in the Arctic springtail 
(Holmstrup et al., 2002; Sinclair et al., 2003). Freeze-tolerant insects have the 
ability to survive the formation of ice crystals in their bodies. These species restrict 
ice formation usually to their extracellular spaces (causing a local concentration of 
frozen fluids) that results in an osmotic outflow and dehydration of the intracellular 
fluids to compensate for water loss. This reaction prevents intracellular water from 
freezing and thus protects the whole insect from ice formation (Ramløy, 2000). On 
the other hand, the extended group of freeze-avoiding insects survives the cold by 
keeping their body fluids liquid at ice-crystallization temperatures and block the 
formation of ice crystals. Both categories endure the cold damaging effects by 
employing a set of low-molecular weight substances, specialized proteins, ice 
nucleating agents and structural reformations to obtain cold-hardiness (Clark and 
Worland, 2008; Michaud and Denlinger, 2004). Instead, it should be mentioned 
that insect having a low SCP, do not necessarily display cold hardiness when 
exposed to slightly higher temperatures. In reality, the insects are killed by the 
effects of cold and not by freezing. Therefore, it should be considered to reevaluate 
the terminology of freeze-tolerant and freeze-avoidant (Bale and Hayward, 2010).  
In the previous chapter, it was discussed that the physiological 
adaptation of increasing polyhydric alcohols (or polyols like sorbitol, mannitol, 
threitol, inositol, glycerol) and other low-molecular weight compounds (for 
example: unsaturated fatty acids, amino acids, lactate) plays an important role in 
I 
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response to, or in preparation for, low temperature shocks or seasonal acclimation 
(Sømme, 1982). Besides polyols, the temperature at which ice is formed in the 
body fluids is determined by ice nucleating agents (INAs) or ice nucleators (Clark 
and Worland, 2008; Michaud and Denlinger, 2004). These compounds promote 
the formation of ice crystals and have only been detected in the extra-cellular fluids 
(haemolymph) of freeze-tolerant invertebrates (Neven et al., 1989). On the other 
hand, discharging INAs from the gut content can result in an increasing 
supercooling capacity as a method to avoid freeze damage in freeze-avoiding 
species (Sømme and Block, 1982). 
When protective cold responses are not sufficient and damage has taken 
place, heat shock proteins (HSPs) are expressed in numerous organisms to 
recover from injury (Sørensen et al., 2003). HSPs are generally considered as 
protective chaperones that are manufactured to repair, stabilise, refold or remove 
damaged and denatured proteins (Lindquist, 1986). Gene regulation studies on 
the flesh fly (Sarcophaga crassipalpis) revealed that upregulation of HSPs (in 
particular two members of the hsp70 family and one member of hsp60) as a 
response to cold shocks, increased the survival to cold not only in the flesh fly but 
also in diverse insect orders (Rinehart et al., 2007) .  
Another protective mechanism in anticipation for cold shocks and 
freezing is the production of antifreeze proteins (AFPs) (Clark and Worland, 2008). 
AFPs prevent the growth of ice crystals by binding and adsorbing to the surface 
of it, inhibiting further ice growth. As a result, AFPs decrease the freezing point 
while not affecting the melting point, also called a thermal hysteresis gap, and 
therefore a synonym for AFPs is thermal hysteresis proteins (THPs) (see Figure 
3-1A). At least fifty species of insects and many terrestrial arthropods (Barrett, 
2001; Graham and Davies, 2005), including spiders (Duman, 1979; Husby and 
Zachariassen, 1980), mites (Block and Duman, 1989; Sjursen and Sømme, 2000) 
and centipedes (Tursman et al., 1994; Tursman and Duman, 1995) are known to 
produce AFPs and although many have low levels of thermal hysteresis, some 
insects produce hyperactive antifreeze proteins. In general, the degree of thermal 
hysteresis is dependent on the structure and concentration of the antifreeze 
proteins. For example, in the common yellow mealworm beetle, Tenebrio molitor, 
the TmAFPs can account a thermal hysteresis of 5.5°C at a concentration of 1 
mg/ml (Tocilj et al., 2000). Other insects, Hypogastrura harveyi (Duman et al., 
1998; Qin et al., 2007), Dendroides canadensis (dAFP) (Duman, 1984) and 
Choristoneura fumiferana (cfAFP) (Graether et al., 2000) display comparative 
 _________________________________________________ Antifreeze proteins in T. urticae 
79 
thermal hysteresis properties. Antifreeze proteins have also been found in 
vertebrates, fungi, bacteria and plants (Duman, 2001), but show in general much 
lower thermal hysteresis capacity than insect AFPs. The polar fish‘s AFPs only 
freeze below the freezing point of seawater (-1.9°C) but this is considered to be 
sufficient to avoid cold damage (DeVries, 1971; Duman and DeVries, 1972). 
In addition, the typical hyperactive insect AFPs of T. molitor and D. 
canadensis are rich in Cys and Thr representing approximately 40% of the amino 
acids and are characterized by 7 repeats of 12-or 13-mer repeats (Thr-Cys-Thr-X-
Ser-X-X-Cys-X-X-Ala-X) with at least every sixth residue a cysteine (Graham et 
al., 1997; Liou et al., 2000). Using an X-ray crystallographic analysis, the E. coli 
produced AFP (8.4 kDa) from T. molitor showed that the protein folds in an 
exceptionally regular b-helix (Tocilj et al., 2000). The typical 12-amino-acid repeats 
are almost identical in the backbone, but also the conserved side chains are 
positioned in basically identical orientations. Moreover, the stabilization of the AFP 
is obtained by the numerous disulphide bridges from the Cys molecules and a b-
sheet is formed by the threonine-cysteine-threonine motifs. This part is the most 
conserved side of the protein and likely fulfils a role as the ice-binding surface 
(Tocilj et al., 2000) (see Figure 3-1B and C). 
 
 
Figure 3-1: Thermal hysteresis and 3D models of the hyperactive T. molitor AFPs. A: Thermal hysteresis: on the 
left of the vertical temperature scale the situation without AFPs are showed and the freezing point (FP) is the 
same as the melting point (MP). Ice crystals (light blue disks) shrink or grow around this FP=MP. The right side 
clarifies the ability of AFPs (red dots) to shape ice into a faceted crystal by lowering the FP and raising the MP. 
The direction of ice growth below the FP is shown in the presence of moderate and hyperactive AFPs in relation 
to the c-axis of their crystals. The 3D-models highlight the conserved positioning of residues organised to form a 
lattice for ice-binding. The β-sheets are indicated with green arrows and the disulphide bonds in yellow. Red dots 
represent oxygen atoms from threonine residue side chains on the β-sheet surface. B: Side view of the T. molitor 
AFP β-helix with the β-sheets C: End-on view of the β-helix with the N terminus proximal, this view shows the 
alignment of the side chains of conserved threonine, cysteine, serine and alanine residues. Figures are redrafted 
from Tocilj et al., 2000 and Davies, 2014. 
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In D. canadensis, a quantification of afp RNA levels indicated an increase 
of the transcript level for dafp-1 during autumn and resulted in a peak in December. 
When average daily temperatures were compared to the level of transcript of these 
samples, the correlation showed that lower (freezing) temperatures trigger higher 
thermal hysteresis activity (Andorfer and Duman, 2000). Also in larvae of the 
longhorn beetles, Rhagium mordax and R. inquisitor, similar data were collected 
throughout the seasons (Kristiansen et al., 1999; Wilkens and Ramløv, 2008). 
Furthermore, additional experiments in the yellow mealworm beetles, T. molitor 
(Graham et al., 2000) and the spruce budworm, C. fumiferana (Doucet et al., 2002) 
displayed that transcripts for the majority of afp isoforms were most ample during 
the specific overwintering stage. Both studies concluded that environmental 
conditions can cause an increase of thermal hysteresis, but hypothesize that the 
developmental arrest of the insects is a crucial factor in the regulation of antifreeze 
proteins. 
In this chapter, we characterize a family of proteins that were highly 
upregulated during diapause in the two-spotted spider mite (Chapter 2) and 
shown to be similar to insect antifreeze proteins. First, the putative Tu-AFP are 
described and compared to the hyperactive insect AFPs, including a suggestion 
of a 3D-structure. Next, a gene-regulation profile of representative afps is analysed 
in both diapausing and cold conditions, followed by different attempts in 
functionally expressing proteins and verifying their antifreeze activity with specific 
assays. Finally, homogenates of diapausing mites exposed to cold were also 
examined in the specialized thermal hysteresis assays. 
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2 Materials and methods 
2.1 Mite husbandry and diapause induction 
In this chapter, the strains LS-VL and Hennep of T. urticae (green 
morphs) were used for all the experiments. LS-VL was originally collected in 
October 2000 near Ghent and the strain Hennep was sampled at the Bourgoyen, 
Ghent in 2010 on common hemp-nettle (Galeopsis tetrahit). Both strains were ever 
since maintained on either potted or detached kidney bean plants Phaseolus 
vulgaris L. var. Prelude in controlled conditions at 24 ± 0.5°C and 60% RH with a 
16:8h L:D photoperiod (from now on: standard incubation conditions). To induce 
diapause, 500 LS-VL adult females were transferred to a single bean plant 
allowing the deposition of eggs. Subsequently, the eggs were kept in standard 
conditions for 4 days until the larvae hatched and placed under diapause inducing 
conditions at 17 ± 0.5°C, 80% RH with 8:16h L:D photoperiod. After 3 weeks, 
diapausing females with a distinguishing orange color were collected for further 
experiments. 
 
2.2 T. urticae antifreeze proteins (AFPs) analysis 
In Chapter 2 of this thesis, a genome wide microarray gene-expression 
study of the two-spotted spider mites was carried out. Gene expression analysis 
revealed the upregulation of 14 genes belonging to the same hypothetical protein 
family. A tBLASTn analysis (E-value cutoff = 1e-5) using these hypothetical 
proteins as queries was conducted against the T. urticae genome 
(http://bioinformatics.psb.ugent.be/orcae/overview/Tetur). Gene models were 
refined or created on the basis of homology, RNA seq and/or EST support and 
RT-PCR. A BLASTp search, using these hypothetical proteins as queries, was 
performed against the NCBI nr protein sequence database to detect homologues 
in other organisms. Identity and similarity matrices were calculated using MatGAT 
2.0 (Campanella et al., 2003) while an alignment was created using MUSCLE 
(Edgar, 2004). T. urticae AFP structures were predicted using the Phyre2 server 
(Kelley and Sternberg, 2009), in order to create a 3D model for the query 
sequence, and further edited in Swiss-Pdb viewer (Guex and Peitsch, 1997). The 
top match produced by Phyre2 is the protein sequence that showed the highest 
raw alignment score with the query sequence and is based on the number of 
aligned residues and the quality of alignment. This first match was selected to fit 
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our protein to a 3D model. SignalP 4.0 was used for prediction of signal peptides 
of AFP protein sequences using default cut-off values for eukaryotes (Petersen et 
al., 2011).  
 
2.3 Phylogenetic analysis of Tu-AFP 
A maximum likelihood (ML) phylogenetic analysis was performed using 
full-length Tu-AFP protein sequences (20 sequences). Tu-AFP protein sequences 
were first aligned using MUSCLE (Edgar, 2004) with default settings. To select an 
optimal model for ML analysis, this alignment was evaluated by ProtTest 2.4 
(Abascal et al., 2005) and according to the Akaike Information Criterion (AIC) 
framework, the best model was VT+I+G+F for phylogenetic analysis. Next, using 
Treefinder (Jobb et al., 2004), a maximum-likelihood analysis was performed with 
edge-support calculated by 1000 pseudo-replicates (LR-ELW). Because the 
outgroup of the analysis was unknown, the tree was left unrooted. 
 
2.4 qPCR analysis of the putative afps 
The LS-VL strain was selected for the qPCR experiments assessing the 
effect of temperature on the expression levels of the putative Tu-afp genes. The 
mites were exposed to three different temperature and light regimes. The control 
group consisted of adult female mites that were collected from the culture 
maintained at standard conditions at 24°C. The diapause and non-diapause group 
at 17°C originated from the culture that was maintained in diapause conditions 
(17°C and 8:16h L:D, see 2.1). The fourth group contained non-diapause female 
mites that experienced a cold shock maintained on a leaf disk at 5°C during 7 days 
in standard light conditions. Subsequently, 4 replicates of 100-150 female adult 
mites from each treatment were collected and homogenized for each sample 
group and total RNA was extracted according to the protocol of the RNeasy mini 
kit (Qiagen). For the samples with the diapausing females, an additional washing 
step with one volume of chloroform:iso-amylalcohol (24:1) was performed to 
decrease the amount of pigments in the supernatant (Kim and Hamada, 2005). 
The quality and quantity of the total RNA were analyzed as described in Chapter 
2. Next, cDNA was synthesized with 2 μg of total RNA with the Maxima First Strand 
cDNA synthesis kit for RT-PCR (Fermentas Life Sciences). To measure the 
relative expression of the afp genes in the experimental conditions, a qPCR 
experiment was carried out with three biological replicates with each two technical 
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replicates and no-template-controls were included to exclude sample 
contamination. Five out of 14 afp genes (tetur22g02640, tetur22g02790, 
tetur22g02730, tetur22g02670, tetur22g02690) and two housekeeping genes; 
RP49 (tetur18g03590) and actin (tetur0905350) were tested for differential 
expression with primers that were designed by Primer 3 v0.4.0. (Rozen and 
Skaletsky, 2000) (see Table 3-1). 
 
Table 3-1: qPCR primers for housekeeping genes and afp genes of T. urticae 
Accession 
number* Function Primer sequence *** Tm (°C) 
tetur18g03590 RP 49** F: CTTCAAGCGGCATCAGAGC R: CGCATCTGACCCTTGAACTTC 62 
tetur09g05350 Actin F: AACCTTCAACACTCCAGCTAT R: GATCTCTACCAGCCAAATCTA 
55.5 
 
tetur22g02640 Antifreeze protein F: ATTGTGCCAGTTCTAAAGGTTG R: ATTTGCACGATTTGCACAG 58 
tetur22g02790 Antifreeze protein F: CACACCTTCTACTGGCTCTGG R: CAACCCACACAATTTACACAG 57 
tetur22g02730 Antifreeze protein F: GATTGTACGAACTGTAAAGATTGTAGG R: CTACTGTATCGTCACAGCCTTG 57.5 
tetur22g02670 Antifreeze protein F: GATTCTACCGATGGTTCATATTTAC R: TCAGACAGTTTGCACAATTGG 58 
tetur22g02690 Antifreeze protein F: TGTACCCGATGTAACGATTGTG R: TGCTCTTCTTGGACACTTCTTG 60 
* T. urticae accession numbers and their corresponding gene sequences can be found at the ORCAE database 
(http://bioinformatics.psb.ugent.be/orcae/overview/Tetur) 
** Ribosomal protein 49 
*** F= forward primer, R= reverse primer 
 
All qPCR reactions were prepared with Maxima SYBR Green 
qPCR/Master Mix following the manufacturer’s instructions (Fermentas Life 
Sciences) and carried out with the thermal cycler Mx3005P (Stratagene). The 
reactions were run with the same protocol described in Chapter 2. For every 
primer, a standard curve was generated by using different cDNA dilutions to 
calculate the primer specific amplification efficiency. These efficiencies were 
incorporated in calculations of the expression values and the obtained Ct values 
of the housekeeping genes were used for normalization. Relative expression 
values of the target genes were analyzed according to Pfaffl (Pfaffl, 2001) and a 
Chapter 3 _________________________________________________________________  
84 
pairwise fixed reallocation randomization was carried out to test the significant 
differences in gene expression (Pfaffl et al., 2002). 
 
2.5 Functional expression of the putative T. urticae AFP 
Besides the genomic, phylogenetic and gene expression analysis of the 
putative Tu-AFP, verification that these proteins exhibit antifreeze capacity could 
be provided via a functional expression, followed by a specific assay evaluating 
AFP characteristics.  
 
2.5.a Escherichia coli expression system 
The following endeavours to express the putative T. urticae antifreeze 
proteins in E. coli cells are based on the successful attempts of insect AFPs. These 
proteins were actively expressed using different fusion proteins to promote 
correctly folded and soluble antifreeze proteins in the cytoplasm (Bar et al., 2006; 
Liou et al., 2000; Mao et al., 2011). Three representative antifreeze proteins 
(tetur22g02460, tetur22g02780, tetur22g02690) were selected for functional 
expression using an E. coli expression system by Genscript (Clontech, USA). The 
production of the three proteins was initiated with optimizing the codon of the open 
reading frame (ORF) without signal sequence, followed by a gene synthesis into 
the pUC57 plasmid before proceeding to a subcloning step into different bacterial 
expression vectors. Three constructs expression vectors were tested, optimized 
and evaluated for their expression. All constructs had an N-terminus His-tag 
and/or a Trx-tag or GST-tag (see Figure 3-2A, B, C). A protein expression 
evaluation pointed out that the Trx-tagged construct had the best expression level 
and all three proteins were produced in 1 litre of LB medium. The expressed 
proteins were obtained from inclusion bodies, purified with a one-step purification 
by Ni-HisTrap column. The combination of Western blot analysis and anti-His 
antibodies showed the presence of the proteins and the concentrations were 
determined by Bradford protein assay with BSA as a standard. Next, a SDS-PAGE 
analysis was run on a 4%-20% gradient gel, followed by Coomassie Blue staining 
to confirm their purity and intactness. The resulting proteins were stored in 50 mM 
Tris, 10% glycerol, pH 8 at -80°C until antifreeze activity tests were carried out.  
An additional E. coli expression of the tetur22g02640 gene was carried 
out by the Protein Service Facility (PSF) of the VIB (Flemish institute of 
Biotechnology, Gent, Belgium). The complete gene was subcloned in the 
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pJet1.2/blunt vector using the CloneJet PCR Cloning kit (Thermo Scientific), 
following the manufacturer’s protocol (for primers see: Appendix 3-A). The 
resulting plasmid DNA was extracted with the Plasmid Mini kit (Omega Biotek) and 
Sanger sequenced (LGC Genomics) with the provided primers to confirm the 
correct sequence (carried out at the Ugent). Subsequently, tetur22g02640 without 
the signal sequence was fused to a Spy-signal peptide (absent in protein after 
translocation to the periplasm of the E.coli cell), a His-tag, a maltose binding 
protein (MBP) and a Caspase3 cleavage site (Figure 3-2D) at the N-terminal 
before cloning it into the expression vector pLSHM36. First, a small-scale 
production was set up and the expression of the protein in inclusion bodies, 
cytoplasmic fraction, periplasmic fraction and medium fraction was evaluated by 
SDS-Page stained by Coomassie Blue and Western blot. After evaluation that the 
periplasmic fraction contained the majority of the expressed protein, 20L of the 
medium was used to express the putative AFP. This production resulted into two 
periplasmic fractions that were both concentrated in 20mM Tris with 150mM NaCl, 
pH 8. The resulting proteins were assessed with a SDS-PAGE in reducing 
conditions with Coomassie staining. The signal sequence of the Spy-signal 
peptide was absent in the protein after translocation to the periplasm.  
 
2.5.b Baculovirus expression system 
On top of the E. coli expression, the system Bac to Bac™ was used by 
Genscript (Clontech, USA) and allows the multiplication of a viral genome by 
infecting insects cells. The virus’ genome includes the gene of interest 
tetur22g02640 and is incorporated by using a shuttle plasmid and a bacterial host 
carrying the bacmid (Trometer and Falson, 2010). First, the codon of the complete 
ORF was optimized for insect cells and then subcloned into an in-house 
expression vector F1 with a TEV protease cleavage site and His-tag at the C-
terminal of the protein. Subsequently, the recombinant donor plasmid was 
transformed with competent DH10Bac™ E. coli strain in order to generate 
recombinant bacmids. Next, the positive bacmids including the gene were 
confirmed by PCR and hence transfected into Sf9 insect cells with Cellfectin II. 
Incubation of the cells was carried out in Sf-900 II medium for 5-7 days at 27°C 
before harvest. After centrifugation, the supernatant was collected and labelled as 
P1 viral stock. Next, P2 was amplified from the P1 stock for later infection and 
quantified by q-PCR. The expression of both transfections P1 and P2 were 
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evaluated on Western blot with an anti-His monoclonal-antibody. Thereafter, an 
expression on a larger scale, 200ml and 1L of Sf-900 II medium containing insect 
cells transfected with the recombinant bacmids, were harvested at 96h post-
infection and lysed by sonication with a buffer containing protease inhibitor. Then, 
the supernatant was loaded on a Ni-column and the beads were washed and 
eluted with a buffer containing 30mM and 300mM imidazole respectively. For a 
second expression batch of 1L of Sf900 II medium culture, the cells were lysed as 
described above adding 2mM DTT to the lysis buffer, continued by the same 
washing and elution steps. The presence of proteins in the supernatant, the 
precipitate, the flow-through, after the washing buffer, after elution and the beads 
after elution were analysed with SDS-PAGE that was run on 4-20% gradient gel 
followed by Coomassie Blue staining and Western blot analysis using Anti-His 
antibodies. The concentration of the protein was determined by the Bradford 
protein assay with BSA as a standard. All proteins were stored in aliquots in a 
buffer of 50mM Tris, 300mM NaCl and 5% glycerol, pH 8 at -80°C. 
 
2.5.c Sf9 insect cells expression system 
An attempt to correctly express and fold this putative Tu-AFP was 
performed via a plasmid-based expression system in insect cells (Douris et al., 
2006). The genes tetur22g02640, tetur22g02670 and tetur22g02730 were cloned 
in the pJet 1.2/blunt vector and the correct sequences were confirmed as 
mentioned in 2.5.a. The antifreeze genes containing the complete ORF were 
amplified from the available clones with a forward primer that was characterized 
by a BamHI cloning site (GGATCC) and a Kozac type sequence (CCCACCC) 
before the initiation ATG. The reverse primer contains a BamHI site as well, and 
removes the stop codon of the expressed protein. The primers (Appendix 3-A) 
were designed to ensure that the putative antifreeze proteins are in frame via the 
BamHI–site with the Myc-His tag of the p153A.IE1 or pEA expression vector 
(Figure 3-2E) (Douris et al., 2006). The expression vectors pEA-tetur22g02640-
MycHis, pEA-tetur22g02670-MycHis and pEA-tetur22g02730-MycHis, (2µg/ml) 
were used to transfect Hi5-SF cells in the presence of pBmIE1 helper plasmid 
(0.5µg/ml) and pEIA-PAC antibiotic resistance plasmid (0.025 or 0.25 μg/mL, 
corresponding to ratios of 1:100 or 1:10) in order generate transformed cells that 
express the putative AFPs (procedure described in (Douris et al., 2006). An 
antibiotic selection (puromycin, 15 μg/mL) was applied 2 days after transfection 
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and resistant cell lines expressing the putative antifreeze proteins were obtained 
after 1 month of the antibiotic selection. To confirm expression, proteins were 
visualized by SDS-PAGE and Western blotting specifically with anti-Myc used in 
1:1000 dilution followed by anti-mouse HRP in 1:2000 dilution with an exposure 
time of 1-2 min.  
 
2.5.d Yeast expression system 
The expression of the protein tetur22g02640 was also undertaken in the 
eukaryotic yeast Pichia pastoris that is known as a standard tool for the generation 
of recombinant protein and has demonstrated its success as a large-scale protein 
production tool (Cregg et al., 2000). The selected gene tetur22g02460 was cloned 
and verified as above described (see 2.5.a). Next, a fusion protein gene encoding 
human serum albumin (HSA)-Caspase3 site–tetur22g02640 was prepared and 
directionally subcloned into the yeast expression plasmid pAOXZalfaH to 
construct the recombinant plasmid pAOXZalfaH-HAS-C-AFP (Figure 3-2F). The 
expression vector was confirmed after cloning by sequencing. After expression, 
medium fraction was analysed on SDS-PAGE with or without the presence of a 
reducing agent (b-mercaptoethanol) and the protein was store in PBS buffer at -
80°C. 
 
After the successful protein expression, the produced proteins were all 
sent to Peter L. Davies lab, Department of Biomedical and Molecular Sciences at 
Queen’s university, Kingston, Canada for antifreeze protein assays (see 2.7).  
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Figure 3-2: Schematic outline of the different expression vector in E. coli (A-D), insect cells (E) and P. pastoris 
(F). The green boxes are tags for purification, brown boxes are signal peptides or enhancers to promote 
expression (E), the army green boxes are fusion proteins for enhancing solubility and expression, the triangle 
represents a cleavage site and the blue ellipse is the selected putative T. urticae AFPs 
2.6 Preparation of homogenates of T. urticae for AFP activity 
measurement 
Besides the capacity to generate thermal hysteresis, antifreeze proteins 
also have the ability to inhibit the restructuring of ice into larger crystals (cfr. ice 
recrystallization inhibitor, IRI). Therefore, crude homogenates of two strains 
(Hennep and LS-VL) diapausing and non-diapausing adult female spider mites 
were acclimatized at 4°C for 1 week. Next, 100-150 mites were crushed in a 
sodium phosphate buffer (200mM sodium phosphate, 1mM PTC, 1 complete mini 
protease inhibitor cocktail tablet per 10 ml, 0,1 NaN3 at pH 7) and centrifuged at 
4°C for 10 min at 15,000g to collect supernatant. Protein concentrations were 
measured with the Coomassie (Bradford) Assay (ThermoFischer Scientific, USA) 
and comprised between 413 and 785 μg/ml proteins per sample. The 
homogenates were immediately frozen at -80°C awaiting the IRI assay at Peter L. 
Davies lab. 
 
2.7 Antifreeze protein assays  
In order to determine if the two-spotted spider mites exhibit antifreeze 
activity, the expressed proteins and homogenates were tested for thermal 
hysteresis activity on microliter volume and with splat assays. All assays were 
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carried out by Koli Basu at Peter L. Davies lab, Department of Biomedical and 
Molecular Sciences at Queen’s university, Kingston, Canada.  
Thermal hysteresis measurements were performed as described 
previously by Braslavsky and Drori (2013). This method fast freezes the solution 
and then slowly increases the temperature to define the exact melting temperature 
by monitoring the size of the ice crystals via a microscope connected to a 
computer. Subsequently, the temperature is held for 1-min at this melt temperature 
and decreased at a cooling rate of 0.005 °C every 4 s until a sudden burst of the 
ice crystal is observed. This is called the crystal burst temperature or freezing 
point. The difference between the melting and the freezing point is the thermal 
hysteresis activity of the solution (Braslavsky and Drori, 2013). The changes of the 
ice crystal morphology and the pattern of the ice crystal burst are videotaped 
during this whole process which is a diagnostic of the nature of the protein.  
The ice recrystallization inhibition (IRI) or ice-binding activity was 
measured by the splat assay (Knight et al., 1988) with some minor adaptations. 
An aliquot of 15 μl was dropped from a height of 1.5m onto a glass slide that was 
equilibrated on a stable constant frozen (-80°C) aluminium block. When the 
sample touched the thin glass disc (diameter=1cm), it froze instantly. 
Homogenates were used without any pre-treatment along with the above 
described buffer as a negative control. When frozen, the glass slides were 
immersed in 2,2,4-trimethylpentane (Sigma–Aldrich) held at −6 °C in the same 
vessel as used for the IRI assay. The ice crystals were observed and 
photographed at 40x magnification through cross polarized lenses at 0h and 20 h 
(Yu et al., 2010). 
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3 Results 
3.1 Characterization of T. urticae antifreeze proteins 
One of the most striking differentially expressed genes in our analysis in 
Chapter 2 consisted of a small family of ‘hypothetical proteins’ (Appendix 2-B). 
This family was manually annotated in the genome database of T. urticae, and 
consisted of a set of 20 genes and 2 pseudogenes (tetur22g03073 and 
63g00100). Of those, only 16 genes were represented by probes on the 
microarray and 14 of these genes were upregulated in diapausing spider mites, 
with fold changes varying between 2 and 164 (Appendix 3-B). Gene loci are 
distributed over three genomic scaffolds: 22 (15), 63 (4) and 283 (1) and all genes 
except tetur22g03033 are intronless. Genes on scaffold 22 are tightly clustered 
within a 90kb region, but the proteins showed only moderate sequence similarity, 
suggesting their proliferation in the T. urticae genome is the result of “ancient” 
tandem duplication events. Tetur283g00030, tetur63g00030, tetur63g00050, 
tetur63g00070 and tetur63g00090 showed very high identity values (96.7% - 
100%) with tetur22g02550, tetur22g02640, tetur22g02670, tetur22g02730 and 
tetur22g02690, respectively (Appendix 3-D). This might suggest a recent 
duplication event, although the possibility that the genes on scaffold 22 and 63/283 
actually represent the same gene due to assembly issues caused by allelic 
variants cannot be excluded at this stage.  
The phylogenetic analysis is displayed in Figure 3-3 and revealed that 
the set of 20 Tu-AFPs are clustering in three distinctive groups, with each group 
having a high bootstrap support (> 75). Within the purple cluster, three Tu-AFPs 
(tetur22g02690, tetur63g00090 and tetur22g03063) seems to be distinctly evolved 
from other members. Furthermore, the phylogenetic tree showed unambiguously 
that Tu-AFPs with very high homology cluster tightly together confirming the 
abovementioned hypothesises. 
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Figure 3-3: Phylogenetic analysis of the Tu-AFPs, depicting the phylogenetic relationships between the different 
members of this protein family. The scale bar represents 0.05 amino-acid substitutions per site. 
 
All members of this hypothetical protein family, except tetur22g02690, 
tetur22g03063 and tetur63g00090, have a predicted signal peptide (Petersen et 
al., 2011) and hence are probably secreted by cells. Strikingly, an InterPro-scan 
revealed that the majority (16/20) of these hypothetical proteins contained the 
“Insect Antifreeze Protein” motif (IPR016133 with an E-value between 1e-04 and 
1e-06). A BLASTp search against the non-redundant protein database of NCBI also 
hit to antifreeze proteins of Coleoptera with a low to moderate E-value (between 
1e-02 and 1e-06). Furthermore, all members from this family were predicted as an 
insect AFP by AFP-Pred, a developed software tool using a “random forest” 
approach for the prediction of antifreeze proteins (Kandaswamy et al., 2011). 
Accordingly, we aligned and compared the T. urticae mite sequences with well-
studied insect AFP sequences of two beetles: D. canadensis (AAF86362 and 
AAB94303) and T. molitor (1L1I_A) (Figure 3-4). These insect AFPs consist of 78 
to 148 amino acids and their cysteine (Cys) content ranges from 15 to 19%, 
whereas the spider mite sequences measure between 92 and 210 amino acids 
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and consist for 19 to 25% of Cys. Compared to the typical insect AFPs, the 
predicted T. urticae AFPs comprise a continuous repeated sequence (Asn-Cys-
Thr-X-Cys-X-X-Cys-X-Asn-Cys-X). It is clear that two of the Cys (at the sixth 
residue, involved in disulfide bridging) are conserved, but two other Cys are found 
at positions where in beetles a conserved Ser and Ala residues is found. 
Furthermore, the conserved Cys are not only flanked by Thr, but a variety of Asp, 
Asn and Thr.  
 
Figure 3-4: Alignment of the different putative antifreeze proteins (not including the pseudogenes) found in T. 
urticae with three sequences of two different beetles their antifreeze proteins as a reference. Sequences of D. 
canadensis and T. molitor were collected from NCBI with accession numbers (AAF86362, AAB94303 and 
1L1I_A). AFP protein sequences, without their predicted signal peptides, were aligned using MUSCLE (Edgar, 
2004) and the resulting alignment was graphically edited using BioEdit version 7.2 (Hall, 1999). 
 
The specific arrangement and position of these residues is however 
fundamental for the activity of AFPs in order to bind to the ice surface with a 
particular orientation. Hence, all 20 protein sequences were submitted to Phyre2 
web service for structure prediction. Six out of 20 query sequences 
(tetur22g02640, tetur22g02690, tetur22g03033, tetur22g03063, tetur63g00030 
and tetur63g00090) had a top scoring match with an insect AFP template structure 
(pdb: d1ezga) in the Phyre2 library. Subsequently, 2-D and 3-D models for these 
                                 10        20        30        40        50        60        70        80        90       100                   
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
   D. canadensis AFP1A  ----------------------QCTGGSDCRSCTVSCTDCQNCPNARTACTR------------------------------SSNCINALT---------  
   D. canadensis AFP7   VTVNSFLIISVVLMFLCHEYYAVCTGGGNCSACTTACTNCVNCPNALLACTD------------------------------STKCMKAVT---------  
   T. molitor 1L1I_A    ----------------------QCTGGADCTSCTGACTGCGNCPNA-VTCTN------------------------------SQHCVKANT---------  
   tetur22g02690        ------------------MTPVDSYGNTNCKNC-VNCTDCADCQDC-ENCAN------------------------------------------------  
   tetur63g00090        ------------------MTPVDSYGNTNCKNC-VNCTDCADCQDC-ENCAN------------------------------------------------  
   tetur22g03063        ------------------MTSIDSYGNTNCKNC-VNCTDCTDCQDC-NDCKN------------------------------------------------  
   tetur22g03073        -----SGGSHGSPDSDGNINCVNCKGCTNCTNC-INCINCHGCEDC-SDCTR-----------------CVNCSGNSSILTDCSNCVNCSS---------  
   tetur22g02780        -----------STDSDGNTNCVNCTGCTNCSNC-INCTNCHGCESC-SDSTN------------------------------CHNSINCAN---------  
   tetur22g02700        -----------STDSDGNTNCVNCTGCTNCSNC-INCTNCHGCESC-SDSTN------------------------------CRNSRNCAS---------  
   tetur22g02810        -------------DSNGNVNCVNCTGCTNCVNC-INCTNCHGCESC-SDSTR------------------------------CRNSRNCAS---------  
   tetur22g02550        -----------STDSNGNVNCVNCTGCTNCVNC-INCTNCHGCESC-SDSTN------------------------------CRSSRNCTS---------  
   tetur283g00030       -----------STDSNGNVNCVNCTGCTNCVNC-INCTNCHGCERC-SDSTN------------------------------CRSSRNCTS---------  
   tetur22g02800        -------------DSNGNVNCVNCTGCTNCVNC-INCTNCHGCESC-SDSTR------------------------------CRNSRNCAS---------  
   tetur22g02760        --------------SDGNTNCVNCVGCTNCANC-INCTNCHDCANC-TDSTN------------------------------CSNSRNCES---------  
   tetur22g02640        ---------------DGNTNCVNCVGCTNCSNC-INCTNCHDCANC-TDSEN------------------------------------------------  
   tetur63g00030        ---------------DGNTNCVNCVGCTNCSNC-INCTNCHDCANC-TDSEN------------------------------------------------  
   tetur22g03033        ------------TDSDGNQNCVNC-------NC-VNCTNCHGCQNC-KDCTD------------------------------CTNCND------------  
   tetur22g02740        -------TPSTGSGSDGNQNCVNCVNCTNCINC-TNCTNCHGCQNC-EDCTNGISLRYCKNSRDCNRCDVCTCCFNCTDCVYCTNCRNCSNSSNCIDSTD  
   tetur22g02670        -----------SDGSDGNQNCINCVGCTNCANC-INCTNCHGCQNC-ADCTNGTSLQNCKNSTDCNRCANCIYCLYCTDCVGCTNCRNCSNSSNCTDSTD  
   tetur63g00050        -----------TDGSDGNQNCINCVGCTNCANC-INCTNCHGCQNC-ADCTNGTSLQNCKNSTDCNRCANCTYCLYCTDCVGCTNCRNCSNSSNCTDSTD  
   tetur22g02790        -----SGGSDGSPDSDGNINCVNCVGCTNCANC-VNCTNCHGCKNC-NDCTN------------------------------CTNCKNCDN---------  
   tetur22g02730        --------------SDGNQNCINCVGCTNCANC-INCTNCHNCANC-NDCTN------------------------------CKDCRNCDN---------  
   tetur63g00070        --------------SDGNQNCINCVGCTNCANC-INCTNCHNCANC-NDCTN------------------------------CKDCRNCDD---------  
 
                                110       120       130       140       150       160       170       180       190       200          
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
   D. canadensis AFP1A  ---------CTDSYDCHNAETCTRSTNCYKAKTCTGSTNCYEA----------------------------TACTDSTG---------CP----------  
   D. canadensis AFP7   ---------CTRSTKCNKAVTCTNSSDCYKAVTCTGSTNCYKAKSCTG---------------STNCYEATTACVNSTG---------CPP---------  
   T. molitor 1L1I_A    ---------CTGSTDCNTAQTCTNSKDCFEANTCTDSTNCYKA----------------------------TACTNSSG---------CPGH--------  
   tetur22g02690        ------------CTGSKNCTNCVNCSNCDDCANCSGSKNCSHCDN------------------CTRCNDC-EKCNTRKD---------CAHRTSLTDCQC  
   tetur63g00090        ------------CTGSKNCTNCVNCSNCDDCANCSGSKNCSHCDN------------------CTRCNDC-EKCNTRKD---------CAHRTSLTDCQC  
   tetur22g03063        ---------CANCTGSRNCTNCVNCSNCEDCANCTGSKNCVDCAN------------------CIQCTNC-QKCANRVN---------CANRTGLTNCQC  
   tetur22g03073        ---------CTNCSDCKNSSSCTDSKNCNDSSSLTNCTNCSNCTSCTK------------CTDCQNCDSC-TNVQNSAN---------CKSRTGCSHCQC  
   tetur22g02780        ---------CTDCKDCKNCNDCTASGNCEGSRNCTTCTYCSNCADCTSSRNCSDCANCTACKDCQGCSNC-TTCTNSSN---------CKNRTGCTNCQC  
   tetur22g02700        ---------CTDCSDCKNCASCTASKNCNDCRSCTSCTNCSNCANCTNSRNCSDCTNCTKCTDCQRCTNC-TNVKNSAN---------CLNRTDCTNCQC  
   tetur22g02810        ---------CTDCSDCKNCASCTASKNCNDSRSCTNCTNCSNCTNCINSRNCSDCTNCTKCTDCQRCTNC-TNVKNSAN---------CTNRTGCTNCKC  
   tetur22g02550        ---------CTDCSDCKNCTSCTDAKNCNDSRSCTNCRNCSNCASCTN------------CRDCQRCTHC-TNVRNSAN---------CMNRTDCTNCKC  
   tetur283g00030       ---------CTDCSDCKNCTSCTDAKNCNDSRSCTNCRNCSNCASCTN------------CRDCQRCTNC-TNVRNSAN---------CMNRTDCTNCKC  
   tetur22g02800        ---------CTDCSDCKNCTSCTDSKNCNDSRSCTNCKNCSNCASCTN------------CADCQRCTNC-TNVKNSAD---------CMDRTGCTNCKC  
   tetur22g02760        ---------SIDCQRCANGINCVGCSDCADCTGCRNCSNCANCSQCTG---------------CQRCANC-TNCTNCKD---------CANRTGLTNCQC  
   tetur22g02640        ------------CSNSRNTANSNGCQNCANCTYCVSCSDCADCASSKG---------------CANCANC-TNCTNCRN---------CANRANLSDTQC  
   tetur63g00030        ------------CSNSRNTANSNGCQNCANCTYCVSCSDCADCASSKG---------------CANCANC-TNCINCRN---------CANRANLSDTQC  
   tetur22g03033        ---------CRDCQRCANSTDCLSCGDGADCKNCRNCSNCANCRDCID---------------CSNCANC-NRITDSKG---------CADRTDCTQCQC  
   tetur22g02740        GSYLRYCKTCKDCKRCDNCNNCLRCKDCIYCTDCVYCSDSSNCEDCTNGSYLQNCKTCTDCKRCSGCKDC-LRCSNCANCENCVDAANCNNRTDCTNCQC  
   tetur22g02670        GSYLQNCKNCKDCKRCSNCANCLRCKDCSNCTDCVYSSDCQNCIDCTNCSYLQNCKTCTDCKRCNNCQDC-LRCSGCNNCKNCVDSANCNDRTDCKNCHC  
   tetur63g00050        GSYLQNCKNCKDCKRCSNCANCLRCKDCSNCTDCVYSSDCQNCIDCTNCSYSQNCKTCTDCERCNNCQDC-LRCSGCNNCKKCVDSENCNNRTDCKNCHC  
   tetur22g02790        ---------CRDCQRCTNCPNCLSCEDCSDCKNLRNCSNCANCRECINCSGCKNCENCTDCKRCSNCSDC-LRCTDCKNCTSCEDSANCNNRTDCKNCQC  
   tetur22g02730        ---------CRDCQRCADCTKCQGCDDTVGSKKCRDCSDCSNCRDCINCSRCRNCESCTDCQRCANCANC-LRCSDCRDCTRCTDSQRCADRTDCKNCQC  
   tetur63g00070        ---------CRDCSRCADCTKCEGCDDTVGSKKCRDCSDCSNCRDCINCSRCRNCESCADCQRCANCANC-LRCSDCRDCTRCTDSQRCADRTDCKNCQC  
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six T. urticae proteins were returned based on this match. For example, the 3D 
model of tetur22g03033 (53% of the tetur22g02640 protein sequence has been 
modelled with 97.1% confidence, Appendix 3-C) showed the typical configuration 
of cysteine rich insect AFP consisting of six β-strands containing the typical Cys-
residues (Figure 3-5) (at six AA distance) involved disulfide bridges. The important 
ice-binding amino acids (Asn, Asp and Thr) are located on the outside of the 
protein. Interestingly, the extra Cys-residues (at three AA distance) specific for 
mite AFP sequences, are pointing inwards and may form alternative cysteine 
bridges in vivo. The amino acid side chains forming the typical ice-binding surface 
(Graham et al., 2007; Marshall et al., 2002; Scotter et al., 2006) were not ideally 
positioned in the 3D homology model of tetur22g03033, but there is a possibility 
that the outfacing hydrophilic residues might still be involved in ice binding. In 
conclusion, sequence alignments, and in silico predictions including a homology 
model strongly suggest that this family of small proteins might represent a new 
class of arthropod AFPs. Nevertheless, functional expression combined with 
activity tests using nanolitre osmometry should provide formal evidence of the 
activity and ice binding properties of these proteins (Lin et al., 2011; Nicodemus 
et al., 2006; Venketesh and Dayananda, 2008). 
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Figure 3-5: Ribbon illustration of a putative T. urticae antifreeze protein (AFP). Side (A) and end-on (B) view of 
the predicted 3D-structure of a putative spider mite AFP (tetur22g03033) with β-sheets indicated by blue arrows. 
Asn, Asp and Thr side-chains are indicated in orange while Cys side-chains are indicated in yellow. The N-and 
C-terminus of the T. urticae AFP structure are indicated with the letters N and C, respectively. The 3D-model for 
tetur22g03033 was created using the Phyre2 server (with pdb-model: d1ezga) (Edgar, 2004) and further edited 
with Swiss PDB viewer (Guex and Peitsch, 1997). 
 
3.2 Expression profile of afp genes during diapause and cold treatment 
We performed additional qPCR experiments to investigate the 
association of Tu-afps with diapause and/or cold stress of 5 typical afp genes 
(tetur22g02690, tetur22g02640, tetur22g02730, tetur22g02790 and 
tetur22g02670). Expression levels were compared between non-diapausing mites 
at 24°C (standard rearing conditions), and mites that were submitted to a cold 
shock of 7 days, together with diapausing and non-diapausing mites at 17°C (the 
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conditions of the microarray experiments in Chapter 2). Results showed that the 
expression of these genes was overall more affected by the diapause condition, 
than the reduction in temperature in T. urticae, indicating that for some genes the 
expression is probably regulated by physiological, rather than environmental 
changes (Figure 3-6). All genes were significantly high upregulated in diapausing 
mites at 17°C when compared to the expression of these genes in active mites at 
17°C, confirming microarray results. Only one gene, tetur22g02690, was equally 
high expressed both in diapause mites at 17°C and in mites treated by cold shock. 
Of the 4 other genes tested, two did respond to cold stress (tetur22g02670, 
tetur22g02730) but with small changes in expression, while tetur22g02790 and 
tetur22g02640 were only upregulated to high levels in diapausing mites. 
 
Figure 3-6: Expression levels of genes coding for putative T. urticae antifreeze proteins. qPCR quantification of 
expression levels of putative afp genes in T. urticae. Green, orange and blue bars represent the relative mean 
expression in non-diapausing spider mites at 17°C, diapausing spider mites at 17°C and non-diapausing spider 
mites at 5°C, respectively, relative to expression in non-diapausing mites of the LS-VL strain at 24°C. Error bars 
represent the standard error of the calculated mean based on three biological replicates. Asterisks indicate 
significantly differential expressed genes (random reallocation test) compared to the reference condition (green, 
non-diapausing LS-VL strain at 24°C). 
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3.3 Functional expression of Tu-AFPs and their antifreeze activities 
In order to assess the thermal hysteresis activity of the putative antifreeze 
proteins of T. urticae, we functionally expressed a selection of the proteins using 
a range of expression vectors in bacterial cells (E. coli), insect cells and yeast cells 
(P. pastoris). 
In E. coli, three proteins were expressed by Genscript in a fusion protein 
with thioredoxine (Trx) to improve the solubility. The expressed proteins were 
obtained from inclusion bodies and Western blot analysis indicated that 
tetur22g02640, tetur22g02780 and tetur22g02690 were robustly expressed in the 
transformed bacterial cells (Figure 3-7A). Subsequently, a quality control with the 
SDS-PAGE analysis followed by Coomassie staining, showed pure and intact 
proteins (Figure 3-7A). The concentrations of tetur22g02640, tetur22g02780 and 
tetur22g02690 measured 464 µg/ml, 342 µg/ml and 702 µg/ml respectively and 
were subsequently submitted to thermal hysteresis measurement. This assay 
showed that none of the three produced proteins exposed TH activity or an ice 
crystal burst pattern different from the buffer control (Table 3-2).  
Another attempt was carried out in E. coli (PSF, VIB) with the putative 
antifreeze protein tetur22g02640 fused to a signal sequence for translocation to 
the periplasm and a maltose binding protein. Two fractions were found after 
expression and were both concentrated to 1 mg/ml. Next, the SDS-PAGE of both 
fractions and the control marker in reducing conditions were visualised with a 
Coomassie blue staining and clearly showed the correct protein (Figure 3-7A). 
Assays for thermal hysteresis activity were carried out with the fused protein still 
attached and could not detect any activity nor ice shaping, indicating that some of 
the protein was not able to fold into an active state (Table 3-2). 
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Table 3-2: An overview of the thermal hysteresis activity of the expressed proteins in E. coli carried out with a nanoliter osmometer according 
to Braslavsky and Drori (2013). 
Expression system Protein ID1 Tm (°C)2 Tf (°C)3 TH4 Shaping of ice crystals5 Burst of ice crystals6 
Buffer BSA -3.63 -3.63 0 
  
E. coli, in fusion protein with Trx tetur22g02640 -7.11 -7.11 0 
  
E. coli, in fusion protein with Trx tetur22g02780 -4.94 -4.94 0 
  
E. coli, in fusion protein with Trx tetur22g02690 -7.96 -7.96 0 
  
E. coli, in fusion protein with MBP tetur22g02640 Fraction 1 -1.21 -1.21 0 
 
N.A. 
E. coli, in fusion protein with MBP tetur22g02640 Fraction 2 -1.54 -1.54 0 
 
N.A. 
1 T. urticae accession numbers can be accessed at the ORCAE-database (http://bioinformatics.psb.ugent.be/orcae/) 2 melting temperature, 3 freezing temperature, 4 Thermal hysteresis, 5 The 
observation of the ice crystals is videotaped during the assay while decreasing the temperature of the solution. 6 The image of the crystals at freezing temperature or when the solution is quickly 
frozen 
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Another attempt for expressing tetur22g02640 protein was carried out 
with the baculovirus expression system. We aimed to express this protein with a 
polyhistidine tag at its C-terminus in baculovirus-infected insect cells. The titer of 
the P2 viral stock was quantified by q-PCR and was estimated on 3.20 x 107 pfu/ml 
and subsequently used to infect Sf9 insect cells (Genscript). As shown in Figure 
3-7B, the purity of the expressed protein was low because of numerous bands 
present on the SDS-PAGE after Coomassie Bleu staining. When an anti-His body 
was used in the Western blot analysis, tetur22g02640 was shown to be present 
and quantified at a concentration of 442 µg/ml. Activity assays observed that the 
recombinant sample had no TH activity nor ice-shaping. It did have a low melting 
temperature melting temperature of -4.4°C but this could point to the presence of 
high solute concentrations. 
The approach of expressing the putative antifreeze proteins in Sf9 insect 
cells with an expression system by Douris et al. (2006) showed no expression in 
the growth media (for secreted proteins) nor in both the insoluble and soluble 
fraction of the cell pellet when analysed with Western blot.  
The P. pastoris expression of tetur22g02640, resulted in 34 mg of 
putative antifreeze protein at a concentration of 779 µg/ml that was clearly 
visualised with SDS-PAGE analysis (Figure 3-7C). Next, a digest with Caspase 3 
showed that approximately 70% of the fusion protein was cleaved but only full-
length protein and His-HSA protein could be detected on the SDS-PAGE gel. 
Neither the whole fusion protein nor the cleaved protein showed any ice-binding 
activity. 
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Figure 3-7: SDS-PAGE and Western blots of functionally expressed proteins in three different expression 
systems. A: T. urticae antifreeze proteins (tetur22g02640 (2, 5, 6), tetur22g02780 (3), tetur22g02690 (4) 
expressed in a fusion protein with Trx (2,3,4) and MBP (5,6: two fractions) in E. coli together with BSA as a 
reference (1) and markers (M1, M2 and M3). B: T. urticae antifreeze protein tetur22g02640 (1) expressed by a 
baculovirus expression system in Sf9 insect cells, together with BSA as a reference (2) and a marker (M1 and 
M3). C: T. urticae antifreeze protein tetur22g02640 expressed in the yeast expression system of P. pastoris 
visualised by SDS-PAGE. No Western blot is available from this successful expression. 
 
3.4 The antifreeze activity of the whole mite homogenates 
The determination of an antifreeze activity of the homogenates that 
consisted of mites exposed to a 4°C cold shock during one week was carried out 
with a splat assay. This specific assay measures the ice recrystallization inhibition 
(IRI) at two time points (0h and 20h). Diapause and non-diapause mites of two T. 
urticae strains (Hennep and LS-VL) were subjected to this assay, including a 
control sample with buffer. If antifreeze activity is absent, the diameter of the ice 
crystals in the assay increases over time (from 0h to 20h). For our samples, the 
buffer and non-diapause samples of both strains did not show antifreeze activity 
(Figure 3-8). On the other hand, the homogenates of diapausing LS-VL and 
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(Figure 3-8). These results indicate a recrystallization inhibition during diapause 
which is often related to the presence of molecules with antifreeze activity. 
 
 
Figure 3-8: Ice recrystallization inhibition assays as observed by the splat assay (Knight et al., 1988) for 
homogenates of two strains: LS-VL and Hennep. Both diapause and non-diapause individuals were tested. A 
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4 Discussion 
4.1 Understanding the structure and importance of Tu-AFPs. 
One of the objectives of this chapter was to describe and characterize 
the putative antifreeze proteins found in the two-spotted spider mite and their 
expression during diapause and cold stress. The deduced protein sequences of 
the annotated Tu-AFPs exhibit 12-mer repeating units that differ from hyperactive 
AFPs found in the beetles D. canadensis and T. molitor. These AFPs represent 
the typical 12- or 13-mer repeating amino acid sequence with a secondary 
structure consisting of mainly b-sheet and turns (Li et al., 1998). The present Cys 
residues impose the stabilization of the proteins by forming disulphide bridges and 
conserved residues Ala and Ser, Thr are found on respectively the upper and 
bottom turns. Both Ser and Thr have side chains with hydroxyl groups making 
them suitable for ice-binding (see also Figure 3-1). In Tu-AFPs, the Cys residues 
are, besides Thr, also flanked with Asn and Asp which changes the amino acids 
involved in adhesion to the ice lattice for preventing ice crystals to grow (Liou et 
al., 1999). According to an algorithm that predicts the ability for ice-binding 
regions, the amino acid Asn was revealed as one of the potential candidates 
(Doxey et al., 2006). This was earlier established by Zhang et al. (2004), who used 
a site-specific mutagenesis to verify the ice-binding characteristics of this amino 
acid of a carrot antifreeze protein. When the conservative Asn residues were 
replaced by Val or Thr, a distinct loss of thermal hysteresis was observed whereas 
a large increase was demonstrated if Phe and Thr were exchanged for Asp. In 
bacteria, a Ca2+-dependent bacterial antifreeze protein domain has an ice-binding 
site surface that consists of parallel repetitive arrays of Thr, Asn and Asp 
(Garnham et al., 2008) which underlines the diversity of AFPs. These experiments 
point out that alternative amino acid residues could also fulfil the role of ice-binding 
sections as seen in T. urticae. 
Since the discovery of hyperactive AFPs in insects (the common 
mealworm and fire-colored beetle), numerous other ice-binding proteins have 
been uncovered that differ greatly in sequence and structure. For example, Thr- 
and Cys rich proteins that showed non-repeating units were associated with 
thermal hysteresis capacity of the spruce budworm C. fumiferana (Tyshenko et 
al., 1997). Moreover, in 2005, glycine-rich antifreeze proteins were collected from 
snow fleas, H. harveyi Folsom (Graham and Davies, 2005) and the structural 
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modelling revealed that the 81-residue AFP is organized into a bundle of two 
sheets, composed of three parallel helices, in antiparallel orientation (Lin et al., 
2007). These unique glycine-rich proteins did not resemble any other AFP 
described in bacteria, plants, fishes and insects so far (Ewart et al., 1999; Jia and 
Davies, 2002). Nowadays, only little is known of the events and processes that 
drove the evolution for AFPs but two hypotheses are suggested: some thermal 
hysteresis proteins have emerged from protein families with completely unrelated 
functions, or relatively recent genetic events have resulted into novel proteins 
(Ewart et al., 1999). Because of the immense diversification and narrow 
distribution in species, the theory was put forward that AFPs arose independently 
and recently during an extreme cooling event like the Pleistocene Ice Ages (2,6 
Mya) (Stanley, 2005). This enormous environmental change that covered the 
Northern hemisphere in large glaciers, could have been the external trigger for 
tremendous selection pressure as habitats were exposed to increasing colder 
conditions. The very recent discovery of previously unidentified insect antifreeze 
proteins in Lake Ontario midges, is a stunning example of the convergent evolution 
in the wide range of insects that cope with colder climates (Basu et al., 2015a). 
Expanding the number of copies (20 isoforms in T. urticae) of AFPs could have 
been a strategy to increase the concentration in the haemolymph of these ice-
binding proteins. Of particular note, homologues of spider mite AFPs were not 
found in other mite and tick species for which a draft genome or transcriptome is 
available, such as Varroa destructor, Metaseiulus occidentalis, Ixodes scapularis 
and Panonychus citri which also endorse the hypothesis of independent AFP 
evolution in Tetranychidae. 
A real-time PCR experiment of five afp genes during diapause and cold 
shocks indicated that both cold exposure and diapause can trigger the 
upregulation of afps in T. urticae. It was previously demonstrated in T. urticae that 
diapausing forms had a lower super-cooling point than non-diapausing forms, 
even if those active forms were cold acclimated for 10 days at 5 or 0°C (Khodayari 
et al., 2012). Additionally, the 5°C cold acclimated active mites showed a lower 
super cooling point than the not-acclimated active mites, indicating cryoprotection 
caused by cold and diapause, but the involvement of mite AFPs identified in this 
study was not assessed and should be further studied. It is known that the 
production of antifreeze proteins is not exclusively associated with diapause 
(Doucet et al., 2009; Qin et al., 2007). Consequently, antifreeze proteins could 
also be collected from insects that were exposed to cold: T. molitor (Qin and 
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Walker, 2006), D. canadensis (Duman et al., 1998), R. inquisitor (Kristiansen et 
al., 1999) and H. harveyi (Graham and Davies, 2005).  
 
4.2 Challenges in functionally expressing antifreeze proteins  
A second part of this chapter is dedicated to the functional expression of 
selected T. urticae’s antifreeze proteins by different approaches in bacteria, insect 
cells and yeast. Unfortunately, none of the attempts harboured in active thermal 
hysteresis proteins and thus the verification of the specific ice-binding function 
remains unconfirmed. Although various constructs were carried out that showed 
to be successfully producing insect AFPs in the past, expression of antifreeze 
proteins is a challenging undertaking. One of the difficulties in expressing insect 
AFPs is the formation of a high number of correct disulphide bridges and related 
to it, the correct positioning of ice-binding side chains.   
An attempt to express CfAFP and TmAFP in E. coli and P. pastoris by 
Tyshenko et al. (2006), underlines the correct placing of the Thr residues. 
Proposing an alternative for in vitro denaturing and refolding insect AFPs that are 
expressed in bacterial systems, a thioredoxin fusion protein with CfAFP was 
constructed. This protein expression resulted in almost exclusively non-soluble 
inclusion bodies that were exposed to extensive protein refolding procedures but 
only low activity was found. Although the yeast expression appeared to be a 
promising alternative, TH measurements did not indicate the presence of an active 
AFP and pointed to an inappropriate O-linked glycosylation of the Thr-rich AFPs. 
On the other hand, the same strategy with a fish AFP, including disulphide bonds 
without important Thr-residues, resulted in the detection of previously observed 
thermal hysteresis capacities. In our P. pastoris expression system of 
tetur22g02640, a higher molecular weight smear is visible on the SDS-PAGE 
(Figure 3-7C) and lends support to the glycosylation level of important ice binding 
residues in the expressed protein. Other expression studies aiming an active 
TmAFP with E. coli, produced proteins in the supernatants in an inactive and 
unfolded state. Correct folding of these proteins required an oxidation period of 
days or weeks at 22°C or 4°C, respectively (Liou et al., 2000). Additionally, when 
the refolded CfAFP were treated with reducing reagents (DTT), a 70% loss of 
activity was noticed and the Ellman’s assay for free –SH groups confirmed the 
reduction of the disulfde bonds (Gauthier et al., 1998). Although E. coli possesses 
pathways for disulphide bond formation (Messens and Collet, 2006), it cannot be 
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ruled out that the Cys residues of the expressed Tu-AFP, did not obtain the correct 
disulfide bridging in order to generate the optimized location for the ice-binding 
residues. Furthermore, an additional role that disulphide bonds prevents structural 
unfolding at low temperatures has also been suggested (Gauthier et al., 1998; 
Graether and Sykes, 2004). 
On the other hand, fusion proteins of TmAFP in combination with GST, 
MBP and eGFP offered a solution for insoluble and inactive material and were 
found to have comparable thermal hysteresis properties as proteins that were 
slowly oxidized as abovementioned and proteins yielded directly from insect 
homogenates (Bar et al., 2006). In contrast, an experiment carried out by Yue and 
Zhang (2009) revealed that fused Trx-TmAFPs displayed a lower TH than the 
unfused AFP. The outcome might be related to the reduction of surface 
complementarity to the ice surface which decreases the interaction strength and 
weakens the binding between the fused protein and ice. In our experiments, a 
successful cleavage of the fusion Tu-AFP expressed in yeast cells was carried out 
and resulted in 70% unfused proteins but did not expose any thermal hysteresis 
activity.  
 A different approach to validate the thermal hysteresis function of 
proteins has been undertaken by functional expression of insect AFPs in 
Drosophila melanogaster and plants (Duman and Wisniewski, 2014). Improved 
cold resistance has been demonstrated with transgenic Arabidopsis thaliana 
expressing DAFPs and CfAFPs (Huang et al., 2002; Lin et al., 2011; Zhu et al., 
2010) and with the introduction of a codon optimized afp gene of C. fumiferana in 
tobacco (Holmberg et al., 2001).  The first transformation of D. melanogaster was 
carried out with the hyperactive AFP from the spruce budworm (CfAFP) but, levels 
of cold shock resistance were low (Tyshenko and Walker, 2004). Next, Nicodemus 
et al. (2006), achieved a medium level of cold tolerance and TH for the flies’ 
haemolymph by introducing DAFP-1. The thermal hysteresis activity dropped 
significantly if the measurements were carried out in buffers after dialysis. The 
follow-up experiments realized higher thermal hysteresis activities of 6.78 °C for 
adult transgenic flies including two copies of dafp-1 and dafp-4. Furthermore, 
these flies also benefited from better cold surviving parameters for super-cooling 
points and survival at  0°C and 4°C (Lin et al., 2010).  These findings underline 
the importance of enhancers present in haemolymph and the accumulation of AFP 
isoforms for cold resistance.  Importantly, the role of enhancers for activation of 
AFPs in D. canadensis was already disclosed in the early 1990s, indicating the 
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necessity of antibodies and a 70kDa-protein (Wu et al., 1991; Wu and Duman, 
1991). The presence of these endogenous activator proteins resulted in a two- to 
threefold increase of the thermal hysteresis and lifted the antifreeze capacity to 
values comparable to those of overwintering larvae. A few years later, a study 
described the significance of low-molecular-mass solutes enhancing thermal 
hysteresis activity in the same beetle. In particular, citrate exhibited a nearly sixfold 
increase in the specific TH assays but other solutes were also responsible for a 
three- to fourfold boost of antifreeze capacity (Li et al., 1998). Consequently, it 
could be a possible hypothesis that the abovementioned enhancers also play a 
critical role in the activation of TuAFPs. Accordingly, the splat assay of the whole 
mite homogenates pointed out a low level of ice recrystallization inhibition (see 
3.4) but unfortunately, we were unable to investigate this correlation more in detail. 
Additionally, in T. urticae this interesting gene family holds at least 20 isoforms 
and therefore synergistic enhancements between its antifreeze proteins cannot be 
excluded.  
 
4.3 Other functions for putative antifreeze proteins in T. urticae? 
The various unsuccessful attempts to functionally express active 
antifreeze proteins of T. urticae, necessitates a new line of thinking for the function 
of this interesting group of proteins.  
The quantitative PCR experiments (see 3.2) showed that an upregulation 
of five afp genes is influenced by either cold, the diapause state or both. This 
underlines the importance of AFP proteins when mites are exposed to cold but as 
well for preparation for low temperatures. In the pyrochroid beetle D. canadensis, 
the quantification of different transcripts indicated an apparent rise and decrease 
of dafp-1 in line with the fluctuations in temperature. Transcripts of another 
isoform, dafp-7, differ from the pattern described above. Its presence is unrelated 
to seasonal changes in temperature and hysteresis and shows high levels during 
summer (Andorfer and Duman, 2000). Whole-year transcript profiles of the spruce 
budworm (CfAFP) that overwinters as a diapausing second instar larva, showed 
to be consistent with these findings. During this overwintering stage, the majority 
of afp isoforms was highly transcribed and abundant but some mRNAs only 
peaked in the first instar larvae or stayed persistent during spring and summer 
morphs and were even present in the egg stage (Doucet et al., 2002; Qin et al., 
2007).  The study of Qin et al. (2007) also indicated by in situ hybridisation that 
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CfAFP mRNAs are present in multiple tissues of this lepidopteran. Overall, these 
studies imply that the number of isoforms do not simply provide a higher titer of 
AFPs in the haemolymph but that differences in protein structure and gene 
regulation are a part of the complex solution for coping with environmental stress. 
Through the years, it has become apparent that AFPs can fulfil different roles 
(freeze tolerance, ice structuring and ice adhesion) that are linked to more systems 
than just preventing organisms from freezing (Davies, 2014). On account of the 
fact that the expression of different Tu-AFPs was unproductive, one could 
postulate that the function of these proteins is not directly related to thermal 
hysteresis activity but is associated with other ice-binding mechanisms. Therefore, 
it might be of great value to isolate or introduce the putative Tu-AFPs in other 
organisms in order to understand their essential presence during cold exposure 
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1 Abstract 
Carotenoids underlie many of the vibrant yellow, orange and red colors 
in animals, and are involved in processes ranging from vision to protection from 
stresses. Most animals acquire carotenoids from their diets, as de novo synthesis 
of carotenoids is primarily limited to plants and some bacteria and fungi. Recently, 
sequencing projects in aphids and adelgids, spider mites, and gall midges 
identified genes with homology to fungal sequences encoding de novo carotenoid 
biosynthetic proteins like phytoene desaturase. The finding of horizontal gene 
transfers of carotenoid biosynthetic genes to three arthropod lineages was 
unprecedented; however, the relevance of the transfers for the arthropods that 
acquired them has remained largely speculative. This is especially true for spider 
mites that feed on plant cell contents, a known source of carotenoids. 
Pigmentation in spider mites results solely from carotenoids. Using a combination 
of genetic approaches, we show that mutations in a single horizontally transferred 
phytoene desaturase result in complete albinism in the two-spotted spider mite, 
Tetranychus urticae, as well as in the citrus red mite, Panonychus citri. Further, 
we show that phytoene desaturase activity is essential for photoperiodic induction 
of diapause in an overwintering strain of T. urticae, consistent with a role for this 
enzyme in provisioning provitamin A carotenoids required for light perception. 
Carotenoid biosynthetic genes of fungal origin have therefore enabled some mites 
to forgo dietary carotenoids, with endogenous synthesis underlying their intense 
pigmentation and ability to enter diapause, a key to the global distribution of major 
spider mite pests of agriculture. 
  
 ___________________________________  Disruption of phytoene desaturase in T. urticae 
109 
2 Background 
arotenoids are isoprenoid compounds produced by photosynthetic 
organisms like plants, as well as by some bacteria, Archaea and 
fungi (Britton, 1995). Over 700 structures are found in nature, reflecting 
modifications to the C40 backbone such as cyclization or the addition of oxygen 
containing groups (Britton, 1995; Heath et al., 2013). In animals, carotenoids are 
widespread, and have diverse roles including signaling to conspecifics and 
protection from oxidative stress (Bendich and Olson, 1989; Heath et al., 2013; Sies 
and Stahl, 1995; Stahl et al., 2002; Stahl and Sies, 2003). Most animals obtain 
carotenoids from their diet, including carotenes (hydrocarbon carotenoids) like β-
carotene and xanthophylls (carotenoids with oxygen, like lutein or astaxanthin) 
(Avalos and Carmen Limón, 2015). Many animals are also able to modify 
carotenes to produce their own brightly colored xanthophylls, and collectively 
carotenoids underlie many of the striking yellows, oranges, and reds observed in 
the animal kingdom (Toews et al., 2017). This includes feather and beak colors in 
birds (Lopes et al., 2016; Mundy et al., 2016), as well as body and cocoon colors 
in insects (Moran and Jarvik, 2010; Toews et al., 2017). Further, carotenoids 
including β-carotene are processed in animals to chromophores including retinal 
(vitamin A) that, in complexes with opsins, are the chemical transducers in vision 
(Britton, 1995; Heath et al., 2013; Lintig, 2012). Finally, carotenoids such as lutein 
and zeaxanthin in human, and ketocarotenoids like astaxanthin in other 
organisms, have been postulated to serve important roles as antioxidants (Miki, 
1991; Mortensen et al., 1997). 
 
C 
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Figure 4-1: Carotenoids in wild-type and albino mutants of T. urticae. (A) Carotenoids observed in females of  
Tetranychus mite species as reported in earlier studies (Veerman, 1974, 1972, 1970). The previously proposed 
pathway from presumptive dietary β-carotene to the terminal ketocarotenoid astaxanthin is shown (Veerman, 
1970); intermediates, minor carotenoid species, and carotenoid esters are not indicated. (B) Carotenoid profiles 
in non-diapausing (ND) and diapausing (D) wild-type T. urticae females, and in non-diapausing albino mutants as 
reported by Veerman (Veerman, 1974) (compare to panel A). Plus or minus signs indicate relative levels, with the 
ketocarotenoids undetectable in albino mites. Schematics of wild-type and mutant mites are given at top; for 
display, the eyes have been enlarged. 
 
Despite their ubiquity and essential functions, relatively little is known in 
animals about carotenoid uptake, transport and metabolism (Toews et al., 2017). 
This contrasts with endogenously synthesized pigments like melanin, for which 
dozens of genes in the pathway for synthesis and distribution have been 
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thought to lack the ability to synthesize carotenoids de novo. This changed when 
Moran and Jarvik (2010) discovered that the pea aphid (Acyrthosiphon pisum) 
genome harbors carotenoid biosynthetic genes acquired by horizontal gene 
transfer. Subsequently, carotenoid biosynthetic genes were identified in other 
Hemiptera, the adelgids (Novakova and Moran, 2012), and in two other arthropod 
lineages, gall midges (Insecta, Diptera) (Cobbs et al., 2013) and spider mites (in 
Tetranychus urticae, a member of Chelicerata, the sister taxon to the mandibulate 
arthropods) (Altincicek et al., 2012; Grbić et al., 2011). In all cases, the laterally 
transferred genes consisted of fused cyclase/synthases and phytoene 
desaturases. The cyclase/synthase fusions suggested a fungal origin of the lateral 
transfer events, a conclusion confirmed by phylogenetic analyses (Altincicek et al., 
2012; Cobbs et al., 2013; Grbić et al., 2011; Moran and Jarvik, 2010). In fungi, 
cyclase/synthase fusion proteins and phytoene desaturases are required for the 
synthesis of carotenes including β-carotene (Sanz et al., 2012), a provitamin A 
carotenoid and a substrate for the biosynthesis of diverse xanthophylls (Álvarez et 
al., 2006; Avalos and Carmen Limón, 2015). In aphids, at least one of the 
carotenoid synthesis genes is active, as a spontaneous point mutation in a copy 
of a phytoene desaturase is associated with loss of red body color (Moran and 
Jarvik, 2010). While body color in aphids has been shown to impact interactions 
with natural enemies (Harmon et al., 1998; Losey et al., 1997), the broader 
significance of the parallel acquisition of fungal carotenoid biosynthesis genes in 
divergent plant feeding arthropod groups has remained speculative (Wybouw et 
al., 2016).  
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Figure 4-2: The albino pigment phenotypes of T. urticae and P. citri. (A) Wild-type T. urticae pigmentation (strains 
Wasatch, MAR-AB, Foothills, and London; a representative London mite is shown), (B) albino phenotype of T. 
urticae (strains Alb-NL, Alb-JP, W-Alb-7, 8, 10, 11, 14; a representative Alb-NL mite is shown), (C) wild-type P. 
citri phenotype, and (D) albino phenotype of P. citri. In all cases, adult females are shown. Arrows indicate red 
eye-spots or red-orange in the distal front legs of wild-type mites that are absent in the albino mutants. The dark 
regions present in the mite bodies are gut contents that are visible as spider mites are partly translucent. Scale 
bars in each panel represent 0.1 mm. 
Spider mites are an attractive system to study carotenoid biosynthesis, 
metabolism and function. In the two-spotted spider mite, T. urticae, red eyes and 
yellow body color result solely from carotenoids (Figure 4-1 and Figure 4-2A) 
(Veerman, 1974). In other spider mites, such as the citrus red spider mite, 
Panonychus citri, the vibrant red body color is also caused by carotenoids (Figure 
4-2C) (Metcalf and Newell, 1962). Moreover, in response to long nights and lower 
temperatures in temperate regions, female spider mites of many species, including 
T. urticae, enter a facultative diapause characterized by cessation of reproduction 
(egg laying) and a striking change in body color from faint yellow to bright red-
orange (Goto, 2016; Veerman, 1974) (Figure 4-3A). This body color change 
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results from the accumulation of ketocarotenoids like astaxanthin, which has been 
suggested to protect against stresses encountered during overwintering (Goto, 
2016; Kawaguchi et al., 2016). Further, a rich collection of pigmentation mutants 
of known carotenoid content has been reported in T. urticae and its sister species 
T. pacificus (Ballantyne, 1969; Veerman, 1974, 1972; Zon and Helle, 1966a, 
1966b). Albino mutants lack all pigmentation (body color and eyes), the lemon 
mutant accumulates β-carotene (and hence is bright yellow), and white-eye 
mutants are unable to synthesize astaxanthin. As early as 1970, Veerman 
(Veerman, 1970) proposed a pathway for the synthesis of astaxanthin from β-
carotene, the latter of which he presumed to be of dietary origin (Figure 4-1A). 
Strikingly, most of the T. urticae pigment mutants diapaused normally with yellow 
or orange coloration; however, while albino mites were observed to diapause as 
assessed by reproductive cessation, the incidence of induction was reduced and 
variable as compared to wild-type (Veerman, 1980).  
 
 
Figure 4-3: Image of a diapausing (A) wild-type adult T. urticae female (strain Wasatch) and (B) albino adult T. 
urticae female (strain Alb-NL). A diapausing wild-type T. urticae female has a yellow to bright red-orange 
coloration, while a diapausing albino T. urticae female has a uniformly white appearance. Note the absence of 
gut contents (dark regions in the body), reflecting cessation of feeding (compare to feeding mites shown in Figure 
4-2). Under inducing conditions, females of strain Alb-NL enter diapause at a very low frequency (less than ~1 in 
1000). Arrows indicate the position of the eyes of the wild-type T. urticae female. Scale bars in each panel 
represent 0.1 mm. 
T. urticae is an important economic pest of diverse crops, and is 
renowned for its rapid development of pesticide resistance (Van Leeuwen et al., 
2010; Van Leeuwen and Dermauw, 2016). The sequencing of its genome (Grbić 
et al., 2011) made possible methods for bulked segregant analysis (BSA) genetic 
mapping that were first applied to clone a monogenic locus for pesticide resistance 
(Demaeght et al., 2014; Van Leeuwen et al., 2012). In this study, we applied these 
resources and methods to understand the metabolism and roles of carotenoids in 
spider mites. Albino pigment mutants have been reported to be epistatic to others, 
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indicative of an early and critical step in the carotenoid pathway in spider mites 
(Figure 4-1) (Veerman, 1974). We show that disruption of a single horizontally 
transferred phytoene desaturase is sufficient for complete albinism in T. urticae, 
as well as in P. citri. Moreover, we show that endogenously synthesized 
carotenoids are essential for diapause induction in an overwintering strain of T. 
urticae. 
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3 Materials and methods 
3.1 Mite strains, inbreeding, and husbandry 
Albinism in a strain collected from the Netherlands (strain NL) arose 
spontaneously several times (Ballantyne, 1969; Veerman, 1974). We obtained 
one of the resulting albino strains, hereafter Albino-NL (Alb-NL), that had been 
continually maintained in the Netherlands (University of Amsterdam, Amsterdam, 
Netherlands). While Alb-NL is one of the albino 1 (“a”) or the albino 2 (“p”) mutant 
strains characterized by Veerman in 1974 (Veerman, 1974), the exact 
correspondence is no longer known. Albino strain Alb-JP was isolated from a wild-
type T. urticae strain found in Tsukuba, Japan in 2011, and the albino strain of P. 
citri originated from a wild-type population from Minamishimabara, Nagasaki 
Prefecture, Japan in 2006. As wild-type references for genetic and genomic 
studies, we used several non-albino strains. T. urticae strains Wasatch and 
Foothills were collected in the Salt Lake Valley of Utah state (USA) in 2012, and 
the MAR-AB strain was collected in Greece in 2009. The reference strain, London, 
which originates from London, Ontario, Canada, was also used (Grbić et al., 
2011). 
As reported in several studies that analyzed high-throughput sequencing 
data, T. urticae strains are often highly heterozygous (Grbić et al., 2011; Van 
Leeuwen et al., 2012), a confounding factor for classical genetic studies. 
Therefore, we inbred a subset of the T. urticae strains by sequential rounds of 
mother-son matings; strain Alb-NL was inbred for nine rounds, and strains 
Foothills and Wasatch were each inbred for six rounds (strain Alb-JP was inbred 
for one generation). For strain London, an inbred line was used that had been 
inbred for seven generations (Díaz-Riquelme et al., 2016). For Alb-NL, two 
independent inbred lines (PA1 and PA2) were generated in parallel from the single 
starting Alb-NL population. Unless otherwise noted, the resulting inbred lines for 
the respective strains were used in the current study. For inbreeding, teliochrysalis 
(virgin) females were placed on detached bean leaves and allowed to lay eggs 
(unmated females lay haploid eggs that develop as males). When the males 
reached adulthood, they were allowed to fertilize their female parent, at which time 
remaining eggs harbored diploid females, and the process was repeated.  
Both T. urticae and P. citri strains were maintained on whole plants or 
detached leaves (on wet cotton in Petri dishes) of the kidney bean (Phaseolus 
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vulgaris L.) under 16:8 light:dark photoperiods after methods published previously 
(Van Leeuwen et al., 2004). For genetic crosses and BSA analyses, mites were 
maintained in chambers at 26°C and 60% relative humidity. 
 
3.2 Microscopy 
Scanning electron microscope (SEM) images of spider mite eyes were 
taken with a Hitachi TM-1000 Tabletop SEM, while the photographs of female 
adult mites on bean leaves were acquired by a Leica Photar 25/2 lens on bellows 
attached to a Nikon D7000 camera with a Nikon SB-800 flash. Enhanced depth of 
field (image stack) was created using the Helicon Focus and Adobe Photoshop 
software. 
 
3.3 Inheritance and complementation 
To assess the mode of inheritance of the albino phenotype in spider 
mites, 20 teliochrysalis virgin females of an albino strain and 30 adult males of a 
wild-type strain (see Table 4-1 for the different crosses) were placed on the upper 
part of a detached bean leaf. Twenty of the resulting teliochrysalis unfertilized F1 
females were then placed on each of four fresh detached bean leaves, and the F1 
phenotypes (wild-type or albino) were noted. Upon adult emerging, the females 
were allowed to lay eggs for one day before being transferred to another bean leaf 
(the transfers were repeated eight times). Ten days after adult emergence began, 
the resulting F2 males were phenotyped. The mode of inheritance observed in F2 
individuals was assessed with χ2 goodness-of-fit tests (specifically, the hypothesis 
of monogenic recessive inheritance, for which the expected F2 ratio is 1:1 wild-
type to albino, was tested). Additionally, complementation tests were performed 
for a subset of albino T. urticae strains. Briefly, 16 teliochrysalis females from a 
given albino strain were crossed with 30 males from a second albino strain on 
detached bean leaves, and at least 85 resulting F1 females were assessed for 
albinism. 
 
3.4 Collection and sequencing of segregating populations  
To genetically map the Alb-NL phenotype using bulked segregant 
analysis (BSA) methods (Demaeght et al., 2014; Van Leeuwen et al., 2012), we 
crossed the derived inbred lines PA1 and PA2 with males from the MAR-AB strain. 
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For each of the crosses, single haploid males selected from the MAR-AB 
population were crossed to multiple females of the PA1 and PA2 strains on 
detached leaves (different single males were used in each of the PA1 and PA2 
crosses). From each cross, 120 F1 females were allowed to grow in bulk on whole 
plants. After approximately the fourth generation (as assessed by the typical 
generation time under our standard growth conditions), two phenotypes were 
selected from the segregating population: a complete albino phenotype with no 
body color or eye color (complete albino, or “CA”), and an albino phenotype with 
no body color but very faint red eyes (incomplete albino, or “IA”). For each of the 
PA1 and PA2 cross, ~100 CA and IA teliochrysalis females were selected and 
placed on detached bean leaves to create large populations. These four derived 
populations were then expanded for an additional ~4-5 generations to confirm the 
stability of the albino phenotypes. The faint eye color observed in the IA selections 
disappeared during the expansions (that is, complete albinism was observed in 
the following generations); we therefore concluded that the IA phenotype resulted 
from maternal pigment contribution (faint eye color in the otherwise albino progeny 
of heterozygous mothers has been reported previously (Zon and Helle, 1966a). 
Afterwards, at generations ~9-11, mites from the four populations (PA1-CA, PA1-
IA, PA2-CA and PA2-IA) were collected en masse for genomic DNA (gDNA) 
extraction. Additionally, mites for the parental inbred albino lines PA1 and PA2, 
the wild-type parental MAR-AB population, and mixed offspring from the 
segregating populations derived from the respective PA1/PA2 x MAR-AB crosses 
were collected (PA1-Mix and PA2-Mix; these collections were performed at the 
13-15th generation). In each case, approximately 3000 adult females were 
collected per sample. 
 
3.5 DNA preparation, genomic sequencing, and variant detection 
Genomic DNA for BSA samples and parental controls, as well as for other 
strains used in this study, was extracted according to Van Leeuwen et al. (2012), 
purified using an EZNA® Cycle Pure Kit (Omega Bio-tek) according to the 
manufacturer’s protocol, and quantified using a ND-1000 Nanodrop 
spectrophotometer (Nanodrop Technologies). An exception was for strains 
Wasatch and Foothills, for which DNA was prepared using the 5-Prime 
ArchivePure DNA Cell/Tissues Kit (5-Prime, Hilden, Germany) using the 
manufacturer’s Protocol 13 with the following modifications: 7.5μl of Proteinase K, 
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6μl RNase A, and 65μl DNA Hydration Solution were added. Illumina genomic 
DNA libraries were then constructed and sequencing was performed to generate 
paired-end reads of either 101 or 125 bp. Library construction and sequencing 
was performed at the Centro Nacional de Análisis Genómico (CNAG, Barcelona, 
Spain) or the High-throughput Genomics Core at the Huntsman Cancer Institute 
of the University of Utah (Salt Lake City, Utah, USA). Illumina reads from each 
sample were aligned to the reference T. urticae genome from strain London (Grbić 
et al., 2011) using the default settings of the Burrows-Wheeler Aligner (BWA, 
versions 0.7.10 or 0.7.15) (Li and Durbin, 2009), and variant detection was 
performed with the Genome Analysis Toolkit (GATK) versions 3.30 or 3.60 
(McKenna et al., 2010). In accordance with GATK Best Practices 
recommendations (DePristo et al., 2011; Van der Auwera et al., 2013), duplicate 
reads were marked using Picard versions 1.126 or 2.6.0 
(http://broadinstitute.github.io/picard/), and indel realignment was undertaken (for 
variant predictions for BSA scans, base quality score recalibration was additionally 
performed). Genotypes at positions of single nucleotide polymorphisms (SNPs), 
as well as associated quality information and read support for each allele, were 
recovered across all samples using GATK’s Unified Genotyper tool. Potential 
impacts of variants on coding sequences were assessed with SNPeff v. 4.1 
(Cingolani et al., 2012) using the T. urticae genome annotation release of July 29, 
2015 as downloaded from the Online Resource for Community Annotation of 
Eukaryotes (Sterck et al., 2012); this annotation was used for all analyses in the 
current study. Illumina sequencing datasets generated as part of this project have 
been deposited to the sequence read archive (SRA) under accession numbers 
SAMN07138853-SAMN07138871. 
 
3.6 Bulked segregant analysis mapping 
The recessive albino locus from the Alb-NL strain was localized in the T. 
urticae genome using BSA methods adapted from our earlier studies (Demaeght 
et al., 2014; Van Leeuwen et al., 2012). Briefly, at sites segregating for single 
nucleotide differences (SNPs) in the BSA populations, we assessed the frequency 
of alleles from the PA1 and PA2 parents as compared to those contributed by the 
respective MAR-AB male parents on a per sample basis (counts of each base at 
a polymorphic site, and associated quality information, were from the GATK 
output). In a sliding window analysis across the T. urticae genome, we then 
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compared allele frequencies of the selected albino versus unselected samples to 
identify a genomic region of fixation of PA1 and PA2 alleles (such a region is 
expected to identify the monogenic, recessive albino locus). Briefly, samples PA1-
CA and PA1-IA were each compared to PA1-Mix and samples PA2-CA and PA2-
IA were each compared to PA2-Mix (note that the PA1 and PA2 inbred lines were 
derived independently from the starting non-inbred Alb-NL population, and thus 
can differ in genotypes across the genome). To avoid using incorrect variant calls, 
only SNPs with a minimum Phred-scaled quality score of 100 across all samples 
were included in the analysis. Moreover, only SNP positions supported by at least 
20 aligned Illumina reads in each sample in respective comparisons were 
included. Further, we only considered sites that were fixed in the PA1 and PA2 
parents and different from the respective MAR-AB male parents (sites with support 
for multiple bases in the PA1 and PA2 parents might reflect residual 
heterozygosity, or alternatively copy variation). The non-inbred MAR-AB strain 
was used as the source of single males for the BSA crosses, and the individual 
genotypes of the single haploid MAR-AB males could not be determined directly 
(single males are tiny, and don’t provide enough material for library construction); 
therefore, the respective male genotypes were inferred by comparing the 
genotypic data for PA1 and PA2 to that of the respective segregating populations. 
For example, if a site was homozygous for T in the PA1 parent, but segregated as 
both T and A in PA1-CA/PA1-IA or PA1-Mix with at least 3% minor allele 
frequency, the genotype of the haploid MAR-AB male parent used in the PA1 
crosses was inferred to be an A (this analysis was preconditioned on the A being 
present in the MAR-AB population as predicted by GATK; fixed differences 
between MAR-AB and PA1 or PA2 as assessed by GATK were included in the 
respective analyses without applying the minor allele frequency filter). In the 
sliding window analyses, the allele frequency differences between selected and 
unselected samples were averaged over all included positions within sliding 
windows of 150 kb (sequential window offsets of 10 kb were used). 
 
3.7 Fine mapping of BSA region  
Fine mapping of the common albino locus identified in BSA scans with 
PA1 and PA2 was performed by crossing 35 virgin females of the albino line PA2 
to 80 males of the London inbred line on a detached bean leaf. After three days, 
the London males were removed, and the fertilized females were allowed to 
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deposit eggs for three more days on the original bean leaf, and then were allowed 
to lay more eggs on a second bean leaf. PA2 albino males were then allowed to 
fertilize the phenotypically wild-type heterozygous F1 females, and subsequently 
280 of the F1 females were transferred to new bean leaves. The F2 generation 
resulted in a mixture of albino and wild-type females, of which 478 F2 albino 
females were selected. From each of these F2 females, DNA was immediately 
extracted by homogenizing the single mite directly in 20µl of PCR buffer (10 mM 
Tris-HCl, 100 mM NaCl, 1 mM EDTA pH 8) to which 2 µl proteinase K (10 mg/ml) 
was added; the homogenate was then incubated at 37 °C for 30 minutes, followed 
by 95°C for 5 minutes to inactivate the proteinase K. For each of the F2 individuals, 
short fragments were amplified at distances of ~300, 50, 40, 30, 20, and 10 kb 5’ 
and 3’ of the ends of tetur01g11270, which is approximately at the center of the 
observed BSA peak for albinism (PCR primer sequences and locations are 
provided in Appendix 4-A). The fragments were selected, based on Illumina 
sequencing data, to harbor variants that distinguish PA2 from London. Genotyping 
of resulting amplicons was performed by direct Sanger sequencing across variant 
sites, or, in the case of the 3’ 300 kb marker, by digestion with the restriction 
enzyme DpnII (New England Biolabs Inc.) followed by gel electrophoresis (the 
segregating variant in this amplicon changed a DpnII site). PCR amplifications 
were all performed with Jumpstart Taq DNA polymerase (Sigma-Aldrich), and 
Sanger sequencing was performed by LGC Genomics (Germany). Amplification 
and genotyping at the internal markers was only performed when a recombinant 
was detected between the 5’ and 3’ flanking 300 kb markers. As controls, DNA 
samples from the PA2 and London inbred parents were included as homozygous 
references. 
 
3.8 Characterization of tetur01g11270 by Sanger sequencing 
To confirm putative mutations identified by Illumina sequencing in 
tetur01g11270 in T. urticae albino strains, PCR and Sanger sequencing was 
performed as described for fine mapping (primers are listed in Appendix 4-A). 
Additionally, amplification was also performed from cDNA for the Alb-JP strain to 
assess the impact of the putative causal variant on splicing; RNA was extracted 
from 100 adult females with the RNeasy mini kit (Qiagen) and reverse transcribed 
using the Maxima First Strand cDNA synthesis kit for RT-qPCR (Thermo Fisher 
Scientific).  
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The sequence of the tetur01g11270 ortholog in P. citri was recovered 
from the transcriptome assembly of P. citri (Bajda et al., 2015) with tBLASTn using 
tetur01g11270 as the query. DNA and cDNA from both the P. citri albino and 
parental wild-type strains were produced as described above, and an amplicon of 
the first part of the orthologous gene was generated by PCR, purified and Sanger 
sequenced as previously described. The second part of the gene was amplified 
by long distance PCR (Expand Long Range dNTPack, Roche diagnostics) with 
the following program: 92°C for 2 min; 10 cycles of 92°C for 10 sec, 55°C for 15 
sec, and 58°C for 5 min; 27 cycles of 92°C for 10 sec, 55°C for 15 sec, 58°C for 5 
min + 10 additional sec per cycle; and finally 58°C for 5 min. Primers for long-PCR 
were designed with Primer3plus 4.0.0 (Appendix 4-A). When this PCR generated 
multiple amplicons, a gel extraction was carried out (E.Z.N.A.® Gel Extraction Kit, 
Omega Bio-tek) followed by cloning (CloneJet PCR Cloning Kit, Life Technologies, 
Thermo Fisher Scientific) and plasmid extraction (E.Z.N.A.® Plasmid mini Kit, 
Omega Bio-tek), and the inserts were Sanger sequenced (LGC Genomics, 
Germany). 
 
3.9 Linkage characterization of P. citri albinism 
To test if albinism in P. citri co-segregated with variation in the 
tetur01g11270 ortholog, four albino P. citri teliochrysalis females were crossed to 
10 wild-type males, and both wild-type and albino F2 males were then obtained 
from the resulting segregating population as previously described for T. urticae. 
DNA of the males was extracted on a single mite level. Subsequently, the long 
distance PCR protocol already described to amplify the second half of the 
tetur01g11270 ortholog – and that distinguishes the albino P. citri sequence 
variant in the tetur01g11270 ortholog from wild-type – was used for genotyping. In 
the case that a PCR failed (DNA from single mites is low quality and quantity), a 
different primer (P.citri_shortseq, see Appendix 4-A) in the insertion that gave a 
shorter product was used to test for the presence of the inserted sequence in the 
second exon. PCR products were purified and Sanger sequenced as previously 
described. 
 
3.10 CRISPR-Cas9 targeting of tetur01g11270 
The CRISPR-Cas9 system was attempted to introduce non-homologous 
end-joining mutations in the T. urticae tetur01g11270 gene. sgRNAs were 
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designed with the sgRNAcas9 software package (www.biotools.com) (Xie et al., 
2014). This package designs sgRNAs and evaluates the potential off-target sites. 
The three highest ranked sgRNAs for tetur01g11270 were selected (sgRNA-S33, 
sgRNA-A32 and sgRNA-A30, Appendix 4-B) and the first two were amplified 
according to the Guide-it™ sgRNA In Vitro Transcription and Screening Systems 
kit (Clonetech Laboratories, Inc.) and subsequently purified with the RNeasy Mini 
Kit (Qiagen) following the standard protocol for RNA Cleanup. Quality and quantity 
of the sgRNA were checked on a DS-11 FX spectrophotometer (DeNovix) and by 
running an aliquot on a 2% agarose gel. Measured concentrations of sgRNA-S33 
and sgRNA-A32 were 711 ng/µl and 1200 ng/µl, respectively. Lyophilized Cas9 
protein (50µg, “CP01, Cas9 protein with nuclear localization signal”) and the third 
selected sgRNA (sgRNA-A30, 50µg) were ordered from PNAbio (USA). We used 
two injection mixtures: the first was a combination of sgRNA-A30 with Cas9 protein 
and the second mixture contained two sgRNAs (S33 and A32) with Cas9 protein.  
The injection mixture of the sgRNAs and Cas9 were prepared as follows: the Cas9 
protein was dissolved in 5µl of dH2O for the mixture of sgRNAs and 10 µl of dH2O 
for the sgRNA-A30 and diluted with one volume protein storage buffer (1x: 20mM 
HEPES-KOH, 150 mM KCl and 1 mM DTT, pH 7.5, final concentration of Cas9 
protein 5µg/µl and 2.5 µg/µl respectively); next, 2 µl of both sgRNAs (sgRNA-S33 
and sgRNA-A32) and 1 µl of sgRNA-A30 (dissolved to a concentration of 3 µg/µl 
in protein storage buffer) were added to a 2 µl and 4 µl aliquot of the dissolved 
Cas9 protein, respectively, and incubated at 37°C for 10 min on the day of 
injection. In order to attain a final concentration of Cas9: 833 ng/µl, sgRNA-S33: 
120 ng/µl, sgRNA-A32: 200 ng/µl for the mixtures, the volume was two times 
diluted with 10X TE buffer. The other injection mix (with the single sgRNA-A30) 
obtained a final concentration of Cas9: 770 ng/µl, sgRNA-A30: 230 ng/µl, and was 
diluted 2.6 times with the same buffer. Subsequently, both injection mixtures were 
centrifuged for 10 min at 4°C and kept on ice until injection. Female mites of the 
strain Wasatch were allowed to lay eggs on the upper part of a detached bean leaf 
on wet cotton in a Petri dish. After 8 days, all males were removed from the plates 
(so that only unfertilized female offspring were left), and resulting 3-5 day-old 
females were used for injections. In total 5,537 females were injected in the 
proximity of the ovaria with an IM 3000 Microinjector (Narishige); the survival 
percentage was about 70%. These females were allowed to lay eggs for 24h with 
an average of 4.9 eggs per female. The male haploid progeny of these injected 
females was visually screened for the albino phenotype beginning three days after 
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egg deposition and 15 albino males were identified from the total injected 
population. These males were transferred to separate detached bean leaves and 
were allowed to cross with 9-12 unfertilized Wasatch females to start new albino 
lines. In total 7 stable albino lines were recovered as homozygous stocks: W-Alb-
1, W-Alb-2, W-Alb-7, W-Alb-8, W-Alb-10, W-Alb-11 and W-Alb-14. After the initial 
crosses, DNA was extracted from the original albino males with 20 µl of a direct 
PCR buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA at pH 8) with 2 µl 
proteinase K (10mg/ml) followed by an incubation of 30 min at 37°C and 5 min at 
95°C. PCR reactions with primers flanking the regions targeted by the sgRNAs 
(named sgRNA_screen, see Appendix 4-A) were then performed, followed by 
Sanger sequencing as previously described. 
 
3.11 De novo assembly of T. urticae genomes 
Using the Illumina sequence data generated for strain Wasatch, as well 
as the albino lines recovered in the CRISPR-Cas9 screen, we performed de novo 
genome assembly using CLC Genomics Workbench 8.5 
(https://www.qiagenbioinformatics.com/). Reads were imported into CLC and 
trimmed using the program’s default settings (quality score limit of 0.05 and a 
maximum of 2 ambiguous nucleotides). De novo assembly of each strain was 
carried out with the following parameters: automatic word and bubble size, a 
minimum contig length of 200, auto-detect paired distances, perform scaffolding, 
and map reads back to contigs (Mismatch cost: 2, Insertion cost: 3, Deletion cost: 
3, Length fraction: 0.5, Similarity fraction: 0.8, and “Update contigs” checked). 
 
3.12 Alignment of phytoene desaturase sequences 
Phytoene desaturase protein sequences were aligned using MUSCLE 
(Edgar, 2004). T. urticae phytoene desaturase tetur01g11270 was aligned with 
those of other tetranychid species (P. citri, Panonychus ulmi (Bajda et al., 2015) 
and T. evansi (Villarroel et al., 2016)), other animals (Cobbs et al., 2013; Mathers 
et al., 2017; Moran and Jarvik, 2010; Zhao et al., 2015), representative species of 
a group of fungi that clustered with tetur01g11270 in a previously published 
phylogenetic analysis (Phycomyces blakeeslanus, Blakeslea trispora, Mucor 
circinelloides, Xanthophyllomyces dendrorhous, Ustilago maydis, Fusarium 
fujikuroi and Neurospora crassa; (Altincicek et al., 2012), and two bacterial species 
(Rhodobacter sphaeroides and Pantoeae ananatis) of which phytoene 
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desaturases have been extensively characterized (Chi et al., 2015; Schaub et al., 
2012).  
 
3.13 Assessment of diapause incidence in albino mutants 
To evaluate diapause incidence of albino lines derived on the Wasatch 
isogenic background, for W-Alb-2, W-Alb-14, and Wasatch (wild-type control) 100 
adult females were allowed to lay eggs for 24 h on the upper part of a detached 
kidney bean leaf (Phaseolus vulgaris L.) on wet cotton in a Petri dish with five-fold 
replication (five hundred females in total). When larvae hatched, Petri dishes were 
placed in diapause inducing conditions (17°C, L:D 8h:16h) until adult females were 
observed. Eighty 1-2 day old females were separately placed on 9 cm2 square 
kidney bean leaf discs placed on wet cotton (the age of 1-2 days was selected as 
it was prior to initiation of egg laying or color changes under these conditions). 
Thereafter, the individual fecundity and the body color of the females was 
monitored daily until 11-12 days, an age at which body color has been reported to 
reliably indicate reproductive arrest in wild-type mites (Ito et al., 2013). 
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4 Results 
As an entry point for molecular-genetic studies of the albino phenotype 
in spider mites, we obtained two albino mutant strains of T. urticae, and one of P. 
citri. One T. urticae strain, hereafter termed Alb-NL, was maintained at the 
University of Amsterdam since the late 1960s, and is one of the albino 1 or albino 
2 mutant lines described earlier (Veerman, 1974). While the exact correspondence 
is uncertain, albino 1 and albino 2 were reported to have identical phenotypes, 
including the lack of all mite-produced xanthophyll carotenoids (Figure 4-1) 
(Veerman, 1974). The second and previously uncharacterized T. urticae albino 
strain originated as a spontaneous mutant in a laboratory stock in Japan (hereafter 
strain Alb-JP). The Alb-NL and Alb-JP strains are phenotypically identical and lack 
yellow and red colors in the body, anterior and posterior eye spots, and the distal 
segments of the front legs (Figure 4-2A and B). As opposed to the green forms of 
T. urticae (which include all the T. urticae strains used in this study), the body color 
of P. citri is normally bright red (Figure 4-2C). In a spontaneous albino mutant of 
P. citri that arose in the laboratory, the red body color is absent, as are pigmented 
eyes (Figure 4-2D). At the limit of resolution of scanning electron microscopy, the 
structure of the eyes in mites of the T. urticae Alb-NL strain and the albino P. citri 
strain are normal (Appendix 4-C); therefore, the absence of red eyes results from 
a lack of pigment as opposed to a defect in eye formation. 
 
4.1 Inheritance of albino phenotypes and genetic complementation 
To determine the genetic basis of albino phenotypes, we performed 
reciprocal crosses between albino and wild-type strains of T. urticae and P. citri. 
In all cases, F1s of the resulting crosses had normal body and eye color (Table 
4-1). This result, together with the finding of an approximately 1:1 ratio of albino to 
wild-type haploid F2 sons produced by virgin F1 females, revealed that albinism 
in all strains was inherited in a monogenic recessive manner. For Alb-NL, this 
confirms earlier findings, and shows that the genetic architecture is unchanged in 
the more than 40 years the strain has been maintained in the laboratory. As 
revealed under high magnification and bright light, extremely faint red was 
apparent in the eyes of some otherwise albino F2 males, a previously reported 
phenotype attributed to maternal provisioning of carotenoids from phenotypically 
wild-type F1 mothers (Ballantyne, 1969; Zon and Helle, 1966a). It should be noted 
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that in one direction, the cross between Alb-NL and a wild-type strain (MAR-AB) 
gave a modest but statistically significant deviation from a 1:1 phenotypic ratio in 
F2 males (Table 4-1). A similar deviation in F2 ratios was reported in an earlier 
cross with an albino strain, presumably reflecting a maternal effect (Ballantyne, 
1969). Finally, we crossed strain Alb-NL to strain Alb-JP, and found that all female 
F1 progeny were albino. This failure to complement suggests that the pigmentless 
phenotypes of Alb-NL and Alb-JP result from disruptions in the same gene.  
 
Table 4-1: Inheritance of the albino phenotype and genetic complementation 
  F2 haploid ♂s    
Crosses and strains F1 ♀s a (% Alb) ALB WT c2 df p-value 
Inheritance tests (♀ x ♂)       
   Tetranychus urticae       
      Alb-NL x MAR-AB 0 522 522 0.00 1 1 
      MAR-AB x Alb-NL 0 931 1099 13.90 1 <0.001 
      Alb-JP x Wildtype JP 0 455 442 0.1884 1 0.6643 
      Wildtype JP x Alb-JP 0 425 413 0.1718 1 0.6785 
      W-Alb-2 x Wasatch 0 110 114 0.0714 1 0.7893 
      Wasatch x W-Alb-2 0 218 219 0.0022 1 0.9619 
      W-Alb-14 x Wasatch 0 959 830 9.16 1 0.0023 
      Wasatch x W-Alb-14 0 493 395 10.82 1 0.0010 
   Panonychus citri       
      Albino x Wildtype 0 171 180 0.2308 1 0.6310 
      Wildtype x Albino 0 33 38 0.3521 1 0.5529 
Complementation tests (♀ x ♂)      
   Tetranychus urticae       
      Alb-NL x Alb-JP 100      
      Alb-JP x Alb-NL 100      
      W-Alb-2 x W-Alb-14 b 100      
      W-Alb-14 x W-Alb-2 b 100      
      W-Alb-7,8,10,11,14 x Alb-JP c 100      
a: In crosses, all F1 females were either 100% wildtype (WT; yellowhish body coloration and red eyes) or 100% 
albino (Alb; white bodies and no eye color). Sample sizes for F1s for all crosses were ≥ 85. 
b : Although progeny from complementation crosses with W-Alb-2 were albino (white bodies lacking of bright red 
eyes), faint eye color was apparent in F1 adult females, mirroring the phenotype observed in adults of the W-Alb-
2 strain. 
c : Denotes that each of W-Alb-7, W-Alb-8, W-Alb-10, W-Alb-11, and W-Alb-14 were crossed to males of Alb-JP 
(in all cases, progeny were albino in phenotype). 
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4.2 A locus for albinism in strain Alb-NL 
In previous work, we developed bulked segregant analysis (BSA) genetic 
mapping methods using high-throughput genomic sequencing data to localize a 
monogenic locus for pesticide resistance in T. urticae (Demaeght et al., 2014; Van 
Leeuwen et al., 2012). In the current study, we adapted this approach to identify 
the locus for albinism in Alb-NL. Briefly, the Alb-NL strain we obtained was 
outbred; however, inbred strains are useful in BSA mapping as they facilitate 
assignment of variants contributed by each parent. Therefore, we inbred, with two-
fold replication, the Alb-NL strain by sequential rounds of mother-son crosses to 
yield two strains, PA1 and PA2. Virgin albino females from each of these strains 
were then crossed to single males of the wild-type MAR-AB strain, and the 
resulting populations were allowed to expand for many generations (see Methods; 
note that a single male is effectively an inbred line in spider mites as males are 
haploid). For each of the two resulting populations, and with further two-fold 
replication, pools of unselected and phenotypically albino mites were isolated and 
DNA was prepared and sequenced with the Illumina high-throughput method 
(therefore, in total four replicates of the selection were preformed). The parental 
lines (PA1 and PA2 as well as MAR-AB) were also sequenced (Appendix 4-D). 
Following alignment of genomic reads to the T. urticae reference genome 
(strain London) and variant detection, we selected informative (segregating) single 
nucleotide polymorphisms (SNPs) by comparing genotypic data across samples 
(837.6 and 771.4 thousand high-quality SNPs for the PA1 × MAR-AB and PA2 × 
MAR-AB crosses, respectively; see Materials and methods). Subsequently, 
differences in the frequency of segregating alleles between pools for each of the 
four replicate selections were assessed across the genome in a sliding window 
analysis (the largest 44 scaffolds that harbor ~95% of the T. urticae reference 
assembly were included in the analysis (Van Leeuwen et al., 2012)). Each of the 
four replicates showed a single, maximal peak of fixation for Alb-NL alleles in the 
albino pools centered at approximately 5.2 Mb on scaffold 1. Several other peak 
regions exhibited lesser shifts, presumably reflecting linkage to the causal locus 
(e.g., scaffolds 8, 21, 26, and 36; the scaffolds from the T. urticae genome 
assembly are unordered (Grbić et al., 2011)). Marked discontinuities in the sliding-
window analyses were observed upstream of the causal region on scaffold 1, with 
additional discontinuities apparent on scaffolds 2, 4, and 8. Presumably, these 
reflect misassemblies in several of the larger scaffolds in the T. urticae reference 
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genome assembly (Grbić et al., 2011), but are in regions that did not impact our 
analyses. 
As inferred from the BSA scans, the causal region for recessive albinism 
in Alb-NL is about 600 kb in length (Figure 4-4A). Strikingly, a cluster of laterally 
transferred carotenoid biosynthesis genes is located at the approximate maxima 
of the BSA peaks (tetur01g11260 and tetur01g11270). To evaluate these two 
genes – as well as their close neighbors – as candidates to underlie albinism, we 
fine mapped the albino phenotype in a backcross between Alb-NL and strain 
London with flanking sets of PCR-based markers approximately equidistant to the 
tetur01g11260/tetur01g11270 region. As inferred from genotyping 478 albino 
mites, a minimal candidate region of 66.2 kb was identified centered on the 
carotenoid biosynthesis gene cassette. In addition to tetur01g11260 and 
tetur01g11270, 17 other coding genes are predicted in the non-recombining region 
(Appendix 4-E). Other than tetur01g11260 and tetur01g11270, none of these 
genes encode products with obvious homology to proteins previously implicated 
in carotenoid synthesis, transport or sequestration in other animals (e.g., 
scavenger B receptor or StAR-related transfer domain proteins (Horvath et al., 
2016; Toews et al., 2017)).  
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Figure 4-4: A locus on scaffold 1 underlies albinism. (A) The results for bulked segregant analysis (BSA) genetic 
scans for albinism in Alb-NL are shown (crosses of inbred lines derived from the Alb-NL parent to the wild-type 
strain MAR-AB). BSA scans were performed with four-fold replication (colors yellow, orange, green and blue); 
changes in allele frequencies between selected (albino) and non-selected populations are shown in a sliding 
window analysis. Positive changes in allele frequencies denote increased fixation of alleles contributed by the 
Alb-NL strain in the selected albino offspring. In all cases, the maximal deviation toward Alb-NL alleles was on 
scaffold 1 (denoted by an asterisk at ~5.2 Mb). The order of scaffolds is unknown; for display, scaffolds are 
concatenated from largest to smallest with alternating shading. (B) The minimal candidate region for albinism in 
strain Alb-NL as established by fine mapping (Appendix 4-E). Gene models are indicated in gray, or for the scaffold 
1 carotenoid biosynthesis gene cassette, in orange. The genomic structure and annotation is from the London 
reference strain. (C) Other wild-type, non-reference strains, including Wasatch, have structural variants 3’ to the 
phytoene desaturase (tetur01g11270) that remove all or most of three genes (tetur01g11280, tetur01g11290 and 
tetur01g11300) present in the London reference (Appendix 4-F). The location of a spontaneous 6.2 kb deletion in 
strain Wasatch associated with the absence of any pigmentation (strains W-Alb-7, 8, 10, 11, and 14) is shown at 
bottom (dashed red line, with the beginning and end of the deletion relative to the overlying Wasatch de novo 
assembly indicated by red arrows). In panel C, dark or colored block arrows indicate coding regions, with introns 
and untranslated regions indicated in lighter gray. 
4.3 Inactivating mutations in tetur01g11270 in albino strains 
To assess the genic and allelic basis of albinism in the scaffold 1 non-
recombining interval, we examined sequence differences between PA1/PA2 and 
MAR-AB as assessed from aligned Illumina reads. Further, we extended this 
analysis with comparable Illumina read data generated for Alb-JP, and two other 
wild-type strains, Wasatch and Foothills (Appendix 4-D and Appendix 4-F). As 
assessed from read alignments to the London reference sequence, an extended 
region immediately downstream of (but not including) the carotenoid biosynthesis 
cluster is devoid of aligned reads in Alb-NL (as assessed from the PA1/PA2 read 
data), a signature of a large deletion (Appendix 4-F). While the region of structural 
variation includes three genes, a nearly identical pattern of read alignments was 
observed in other wild-type strains (including MAR-AB, Wasatch, and Foothills), 
and the deletion of sequences present in the London assembly was subsequently 
confirmed by a 161 kb contig from a whole-genome de novo assembly of strain 
Wasatch that spans the entire minimal candidate region (Figure 4-4B). 
As the deletion is incidental to the phenotype, we therefore examined 
other sequence differences among strains. Consistent with other sequencing 
studies in T. urticae (Demaeght et al., 2014; Grbić et al., 2011; Van Leeuwen et 
al., 2012), the strains are highly polymorphic (Appendix 4-D), and many single 
nucleotide differences are located within the coding regions of the carotenoid 
biosynthesis genes (no indels were present in wild-type strains). However, nearly 
all SNPs were synonymous (42 of 49, or 85.7% in tetur01g11260, and 46 of 51, 
or 90.2% in tetur01g11270), consistent with strong purifying selection at both 
laterally transferred genes. No unique fixed amino acid changes were observed in 
Alb-NL in tetur01g11260. However, in the tetur01g11270 gene of Alb-NL, a unique 
nonsynonymous change affecting codon 220 results in a radical threonine (Thr) to 
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lysine (Lys) change. The Thr residue is conserved in the sequences of phytoene 
desaturases in aphids and gall midges, as well as in closely related sequences 
from fungi, although distantly related fungal and bacterial sequences have several 
conservative amino acid changes (Appendix 4-G).  
As opposed to the putative nonsynonymous causal change in Alb-NL, 
dramatic alterations in tetur01g11270 are present in the T. urticae Alb-JP and the 
P. citri albino strains. In Alb-JP, a thymine is inserted nearby the splice donor of 
exon 1. This change removes the wild-type location of the splice donor relative to 
the end of exon 1, and creates two potential “GT” splice donor dinucleotides that 
are adjacent to each other, but at non-functional positions (Figure 4-5); use of 
either of the resulting splice donors is expected to lead to frameshifts in the 
tetur01g11270 message, a prediction supported by Sanger sequencing of RT-
PCR (cDNA) products amplified from Alb-JP with primers in exons 1 and 2 (i.e., 




Figure 4-5: Mutations in the scaffold 1 phytoene desaturase in T. urticae and P. citri albino strains. Coding exons 
for tetur01g11270 are represented as rectangles. Wild-type sequences are indicated in black, with mutations 
shown in red (T. urticae) or blue (P. citri); where single nucleotide substitutions are observed, the impact on the 
coding potential is shown. For the Alb-JP mutation, boxes indicate the exon 1 splice donor in wild-type (top) with 
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Given the findings for Alb-NL and Alb-JP, we also amplified the 
tetur01g11270 ortholog in the P. citri albino strain, as well as in its matching 
parental wild-type strain. As opposed to amplification products observed in wild-
type, a product corresponding to exon 2 of the P. citri tetur01g11270 ortholog was 
about 2.2 kb longer in the albino mutant. Sanger sequencing into the region of the 
inserted sequence revealed homology to the terminal inverted repeat (TIR) of a 
mutator-like transposon. The insertion site of this sequence is within the 
tetur01g11270 coding sequence near the beginning of the conserved second exon 
(Figure 4-5). Sequencing of cloned RT-PCR products of the tetur01g11270 
ortholog from albino P. citri mites gave several sequences, all of which had part of 
the inserted sequence (and none of which led to an intact open reading frame). 
Using the inserted sequence as a PCR-based marker in a screen of F2 mites from 
a cross between the wild-type and albino P. citri strains, the insertion co-
segregated invariantly with the albino phenotype (n = 98; χ2 = 61.957, df = 1, P < 
10-14 for the null hypothesis of no linkage). 
 
4.4 Identification of additional mutations in tetur01g11270 
To further establish a requirement for tetur01g11270 in spider mite 
pigmentation, we attempted to inactivate wild-type tetur01g11270 by genome 
editing with the CRISPR-Cas9 system. Multiple single guide RNAs (sgRNAs) 
directed against a region in exon 2 were preloaded onto Cas9 protein, and injected 
into the abdomens of 5,537 virgin females (for more details see 3.10) of the strain 
Wasatch (which is highly inbred, Appendix 4-D). While injection of eggs was 
initially attempted, viable larvae were not recovered. Approximately 20,000 male 
progeny from injected mothers were then screened for absence of body color and 
red eyes. Fifteen males were identified that either lacked all pigmentation, or were 
partially albino (perhaps reflecting mosaicism). From these males, we recovered 
seven stable albino lines (the lines were recovered in backcrosses to Wasatch, 
thus maintaining the otherwise isogenic background) (Appendix 4-D). For five of 
these lines (W-Alb-7, -8, -10, -11, and -14), the phenotype was complete lack of 
pigmentation, while for two lines (W-Alb-1 and -2), some red color was apparent 
in the eyes of older adults (although developing stages lacked pigment). In all 
cases, albinism was recessive, and in crosses of all lines to Alb-JP, failure to 
complement was observed (Table 4-1), consistent with new mutations in 
tetur01g11270. 
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Unexpectedly, attempts to amplify by PCR across the region in 
tetur01g11270 with sequence identity to the sgRNAs gave no products in strains 
W-Alb-7, -8, -10, -11, and -14, or a product that was unaltered as assessed by 
Sanger sequencing for strains W-Alb-1 and -2. We therefore sequenced these 
strains with the Illumina method. De novo assembly of each strain gave single 
contigs that spanned the carotenoid biosynthesis gene cluster and flanking 
regions. As compared to Wasatch, the W-Alb-7, -8, -10, -11, and -14 strains 
harbored an identical 6.2 kb deletion (with an associated small insertion of 13 bp) 
that removes the majority of tetur01g11270 as well as much of the adjacent 
downstream gene (tetur01g11310, a gene of unknown function that is putatively 
annotated as a ribonuclease) (Figure 4-4C and Figure 4-5). Moreover, 
tetur01g11270 differs in strains W-Alb-1 and -2 from the parental Wasatch 
sequence by the presence of a single nucleotide change in exon 2. This mutation 
causes a radical amino acid substitution (proline to leucine) at position 487. The 
proline at 487 is invariant among the phytoene desaturases we analyzed, and is 
located in a sequence suggested to be involved in carotenoid binding in a fungal 
phytoene desaturase (Appendix 4-G). Nevertheless, the red in the eyes of older 
adults in the W-Alb-1 and -2 strains suggests that the Pro487Leu change is 
hypomorphic (at least at post-developing stages). 
The mutations we recovered are not typical of CRISPR-Cas9 editing 
events, which are usually present as small indels at sgRNA target sites (Golic, 
2013). For example, the location of the substitution in W-Alb-1/2 is more than 700 
nucleotides away from the sgRNA target sites. Moreover, identical lesions were 
recovered multiple times, in some cases from females injected on different days, 
and whose progeny were kept on different plates. This suggests that the screen 
recovered two spontaneous mutations that had been segregating at very low 
frequency in the large inbred source population used for the injections (the inbred 
Wasatch line had been maintained previously in the laboratory for several years). 
 
4.5 Tetur01g11270 is required for diapause induction in an 
overwintering strain 
The genetic control of diapause in spider mites is complex, with many 
genetic and environmental factors affecting induction (Goka and Takafuji, 1991, 
1990; Ignatowicz and Helle, 1986; Kawakami et al., 2010; Koveos et al., 1993; 
Takafuji and Goka, 1999). Previously, albino mites were shown to be capable of 
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entering diapause, as assessed by cessation of feeding and reproductive arrest, 
but the frequency of induction varied dramatically among mutants (Veerman, 
1980). Consistent with the previous reports, we were able to induce diapause in 
Alb-NL mites (Figure 4-3; these mites are completely white with no gut contents, 
compare to Figure 4-2B), but at a very low frequency. However, many genetically 
diverse but normally pigmented T. urticae populations either do not enter 
diapause, or are polymorphic for diapause entry, especially at low latitudes 
(Takafuji et al., 1991). Further, even after 40 years in the laboratory, we found that 
Alb-NL was not fully inbred (Appendix 4-D), confounding inferences about the 
requirement of carotenoids for diapause induction. 
To test the role of the laterally transferred carotenoid biosynthetic 
pathway in diapause induction in spider mites, we turned to albino mutants on the 
Wasatch background. We chose Wasatch because this strain was field collected 
from a region of harsh winters where diapause inducibility is expected to be 
essential for year-to-year persistence, and because it was inbred soon after 
collection (see Methods; of the albino mutants in T. urticae and P. citri used in our 
study, those on the Wasatch background uniquely satisfy these conditions). To 
test induction, we subjected developing Wasatch, W-Alb-14 and W-Alb-2 females 
on detached kidney bean leaves to diapause-inducing conditions (8 hours light; 
16 hours of dark at 17˚C), and transferred the resulting adult 1-2 day old females 
to individual bean leaves in the same inducing environment (W-Alb-14 and W-Alb-
2 were chosen as they represent each of the two mutations in tetur01g11270 
identified on the Wasatch background). After 11 days, we scored mite color and 
eggs laid.  
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Figure 4-6: Impact of inactivating mutations in tetur01g11270 on diapause incidence. The incidence of diapause 
under inducing conditions, as revealed by coloration (orange or green circles for wild-type, diapausing and non-
diapausing colors, respectively, and gray for albino mites) and egg laying (y-axis), in wild-type Wasatch and the 
albino W-Alb-14 and W-Alb-2 mutant strains. For egg laying, the total number per female after 11 days is shown 
(that is, each circle represents a single female’s total oviposition). Sample sizes are indicated at top, and differing 
letter designations denote significant differences (P < 10-15 in pairwise comparisons, Wilcoxon rank-sum tests). 
 
As expected for strain Wasatch, most females turned orange (94.9%), 
the stereotypical visual indicator of diapause induction, and orange Wasatch mites 
invariably produced no eggs (Figure 4-6). In contrast, W-Alb-14 and W-Alb-2 fed 
actively, and 100% laid eggs (color change is irrelevant as an indicator of diapause 
in albino lines as they cannot produce red-orange ketocarotenoids, Figure 4-1 and 
Discussion). As assessed with the Kruskal-Wallis test, differences in the number 
of eggs laid per female among genotypes was highly significant (P < 10-15). In 
follow-up comparisons, eggs laid per female for both the W-Alb-14 and W-Alb-2 
strains was found to be significantly higher compared to Wasatch (P < 10-15 in 
each case; Wilcoxon rank-sum test). In contrast, the analogous test between the 
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5 Discussion 
The acquisition of carotenoid biosynthetic genes in divergent arthropod 
lineages – aphids and their close relatives the adelgids (Moran and Jarvik, 2010; 
Novakova and Moran, 2012), spider mites (Altincicek et al., 2012; Grbić et al., 
2011), and gall midges (Cobbs et al., 2013) – suggests that de novo carotenoid 
biosynthesis in animals can be highly advantageous. As opposed to aphids, which 
feed on phloem that is expected to be largely devoid of lipophilic carotenoids 
(Moran and Jarvik, 2010), spider mites feed on the contents of mesophyll cells, 
including carotenoid-rich chloroplasts (Bensoussan et al., 2016). High levels of 
plant carotenoids including β-carotene have been reported in feeding albino mites, 
much of which likely reflects gut contents (Veerman, 1974, 1972). Based on this 
observation, and given that no animals were known to synthesize carotenoids at 
the time, Veerman proposed that albino strains of T. urticae were compromised in 
the transport or metabolism of dietary β-carotene that accumulates in the lemon 
mutant that disrupts the next step in the putative pathway to astaxanthin (Figure 
4-1) (Veerman, 1970, 1972, 1974).  
The unexpected discovery of carotenoid biosynthesis genes in the T. 
urticae genome (Altincicek et al., 2012; Grbić et al., 2011) raised the alternative 
possibility that spider mites rely instead on endogenously synthesized β-carotene. 
Consistent with this, we show that four albino mutants in T. urticae and one mutant 
in P. citri have inactivating mutations in a single laterally transferred phytoene 
desaturase. This gene, tetur01g11270, is adjacent to a carotenoid 
cyclase/synthase on scaffold 1, and comprises one of two carotenoid biosynthetic 
gene clusters in the T. urticae genome (Grbić et al., 2011). The second cluster is 
located on scaffold 11 and harbors two putatively intact phytoene desaturases and 
one cyclase/synthase (along with one phytoene desaturase pseudogene). The 
expression of the T. urticae carotenoid biosynthetic genes in non-diapausing and 
diapausing females, or in red forms of T. urticae, is robust for genes in the scaffold 
1 cluster (Altincicek et al., 2012 and Chapter 2). However, low or no expression 
was observed for genes in the scaffold 11 cluster (Chapter 2). Further, in a 
phylogenetic analysis, one protein from the scaffold 11 cluster fell outside a clade 
with other arthropod and fungal carotenoid biosynthetic protein sequences, and 
another had a long branch length (Cobbs et al., 2013). These prior observations, 
coupled with our current finding that disruption of tetur01g11270 is sufficient for 
albinism, raise the possibility that only the scaffold 1 phytoene desaturase is active 
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in carotenoid synthesis (Cobbs et al., 2013 and Chapter 2). Whether all genes in 
the scaffold 11 cluster are inactive, have more specific roles in carotenoid 
biosynthesis, or have evolved to perform other functions, remains uncertain.  
In fungi, inactivating mutations in phytoene desaturases (Alcalde and 
Fraser, 2016; Fernández-Martín et al., 2000; Prado-Cabrero et al., 2009; Sanz et 
al., 2002) as well as the fused cyclase/synthases abolish carotenoid synthesis 
(Alcalde and Fraser, 2016; Arrach et al., 2001; Díaz-Sánchez et al., 2011; 
Linnemannstöns et al., 2002). All five albino mutations characterized in our study 
resided in tetur01g11270 or its P. citri ortholog. Previously, two T. urticae albino 
mutants studied by Ballantyne (1969) complemented each other, but were 
extraordinarily tightly linked (~2-3 recombination events in 10,000 F2 males). It is 
tempting to speculate that these previously studied mutations disrupted each of 
the genes in the scaffold 1 carotenoid biosynthetic cluster, and as additional albino 
mutants are identified, they should be assessed for mutations in the scaffold 1 
cyclase/synthase (tetur01g11260). Alternatively, our identification of mutations 
solely in tetur01g11270 in the T. urticae and P. citri strains we examined might 
reflect functional redundancy between multiple copies of the cyclase/synthase 
fusion genes (e.g., tetur01g11260 and tetur11g04840 in the T. urticae scaffold 1 
and 11 clusters, respectively).  
The most striking visible cue of diapausing mites is their intense red-
orange color that occurs following suspension of reproduction (egg laying) and 
eventual cessation of feeding (Veerman, 1985). Recently, Kawaguchi et al. (2016) 
showed that imaginal feeding (feeding after the last molt) was required for wild-
type incidence of diapause, as well as for accumulation of red-orange xanthophyll 
carotenoids like astaxanthin (Goto, 2016). Based on these findings, the authors 
suggested that dietary β-carotene, which is rich in plant cells, may serve as the 
precursor for the bulk ketocarotenoid synthesis that occurs at the onset of 
diapause. They did not exclude the possibility, however, that imaginal feeding 
might be required to obtain energy or a nutritional state required for diapause and 
endogenous carotenoid synthesis. Our findings that mutations in tetur01g11270 
in T. urticae underlie albinism, coupled with the observation that diapausing albino 
mites are uniformly white (Figure 4-1B and (Bosse and Veerman, 1996; Veerman, 
1974)), is consistent with the latter explanation (i.e., endogenously synthesized β-
carotene is needed for the red-orange color development of diapausing mites, not 
dietary β-carotene as previously proposed, Figure 4-1A). Moreover, wild-type 
mites at the larval stage fed on an artificial diet with no added carotenes diapaused 
Chapter 4 _________________________________________________________________  
138 
with bright red-orange color, a finding interpreted at the time as a maternal effect 
or contamination in the artificial diet (Bosse and Veerman, 1996). In light of our 
findings, endogenously synthesized carotenoids likely explained this result. This 
conclusion is supported as well by our findings with P. citri, where inactivation of 
the tetur01g11270 ortholog associates with the complete absence of the vibrant 
red pigmentation of wild-type mites. 
Apart from the putative involvement of ketocarotenoids in protecting 
against stresses experienced during overwintering (Goto, 2016; Suzuki et al., 
2009), the role of carotenoids in diapause induction itself has attracted great 
interest. Wild-type T. urticae strains or populations range from 0% to 100% in their 
diapause induction, presumably reflecting variation at diverse steps in the pathway 
for diapause entry (Takafuji et al., 1991). Our recovery of two mutations in 
tetur01g11270 in strain Wasatch allowed us to test the role of endogenous 
carotenoid synthesis in diapause induction in an isogenic, diapausing background. 
Under inducing conditions, diapause induction was completely abolished in the 
resulting albino strains. In W-Alb-14 a large deletion removes most of 
tetur01g11270 and an adjacent gene of unknown function. However, in W-Alb-2 
the lesion for albinism is a nonsynonymous point mutation in tetur01g11270, 
specifically linking tetur01g11270 activity to diapause induction.  
Entry into diapause does not occur in constant darkness (Veerman, 
1977), and the requirement of tetur01g11270 activity for diapause in Wasatch 
presumably reflects vitamin A deficiency (resulting in an inability to perceive 
inductive photoperiods, although our findings do not formally exclude other or 
additional roles for carotenoids). β-carotene and its derivative 3-
hydroxyechinenone (Figure 4-1) are processed to vitamin A (retinoids) in animals, 
and vitamin A is the apparent chromophore for light perception in T. urticae (Goto, 
2016). In an earlier study, Bosse and Veerman (1996) examined diapause 
incidence in albino mites grown under inductive photoperiods on an artificial diet 
devoid of β-carotene and vitamin A, and artificial diets supplemented with either 
compound. While on an artificial diet lacking β-carotene and vitamin A, no albino 
mites entered diapause. In contrast, 99% of albino mites raised on the artificial 
diet supplemented with vitamin A entered diapause. However, when fed a high 
concentration of β-carotene in the artificial diet, only 47% of albino mites entered 
diapause, mirroring the observation that albino mites fed on leaves (a source of β-
carotene) have intermediate frequencies of diapause induction as compared to 
wild-type strains on which the mutants arose (Veerman, 1980). These earlier 
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findings suggested that T. urticae can use dietary β-carotene for diapause 
induction, albeit inefficiently. They also contrast with our observation that albino 
mutants in strain Wasatch completely lose the ability to enter diapause. It is 
possible that the ability to take up dietary β-carotene, or to respond to secondary 
signals that also influence the diapause induction threshold, e.g., temperature and 
leaf quality (Helle, 1962; Ito, 2010), varies between strains. Regardless, even if 
dietary uptake occurs in some strains in the field, it seems unlikely that dietary 
sources of carotenoids are physiologically relevant to T. urticae given their ability 
to synthesize their own carotenoids in abundance.  
To our knowledge, de novo carotenoid biosynthetic genes are absent 
from the genomes of all mites outside Tetranychidae (spider mites) (Van Leeuwen 
and Dermauw, 2016). In insects and other animals, it is now well documented that 
carotenoid delivery to target tissues is not passive, but instead receptor mediated 
(Lintig, 2012; Toews et al., 2017), and active uptake from the gut is presumably 
the ancestral state in chelicerates. For instance, when the predatory mite 
Amblyseius potentillae (family Phytoseiidae) was fed on pollen low in β-carotene, 
or on developing eggs laid by albino T. urticae females, no diapause occurred; in 
contrast, when fed on pollen supplemented with β-carotene, or when fed on T. 
urticae eggs from wild-type females, full diapause was restored (Veerman, 1991). 
Therefore, in mites distantly related to T. urticae and P. citri, dietary β-carotene 
appears to be essential. As more becomes known about carotenoid metabolism 
in related chelicerates, it should be possible to understand the fate of ancestral 
genes and pathways involved in dietary carotenoid uptake. In particular, an 
outstanding question is whether such pathways were lost in spider mites, or 
perhaps repurposed for other roles. 
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6 Conclusion and future directions 
A finding of our study is that lateral acquisition of carotenoid biosynthetic 
genes from fungi has effectively eliminated the requirement for dietary carotenoids 
in spider mites, including for diapause that is essential for survival in temperate 
regions (and therefore underlies the global distribution of many agronomically 
important spider mite pests). In addition to albino mutants, other T. urticae 
pigmentation mutants have been reported that affect the synthesis, intra-
organismal transport, and esterification of ketocarotenoids (Veerman, 1974). To 
our knowledge these mutant lines no longer exist. However, we recovered two 
spontaneous mutations in ~2 × 104 haploid males, a frequency consistent with the 
~1 in 104 incidence of recessive mutations observed at some pigmentation loci in 
a closely related sister species, T. pacificus (Helle and Van Zon, 1967). Re-
isolation of mutants that act downstream of the carotenoid biosynthetic genes, and 
that could be characterized with the methods used in the current study, should 
afford diverse insights into molecular aspects of carotenoid metabolism and 
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ver the last decade, diapause in insects has been extensively 
described and investigated with the help of new genomic 
technologies. Unfortunately, the knowledge about diapause in Acari, and in 
particular in mites, is most often limited to the description of basic physiological 
parameters and classical genetic studies. This shortage constrains the expertise 
that is essential to understand the initiation, maintenance and termination of 
diapause mechanisms in the economically important family of Tetranychidae 
(Chapter 1). This PhD dissertation aims to contribute to this poorly explored, but 
essential research field. Firstly, a gene regulation study was carried out to disclose 
the critical processes during diapause maintenance (Chapter 2), by benefiting 
from the availability of the complete genome of the two-spotted spider mite, 
Tetranychus urticae. Next, a gene family of putative antifreeze proteins that was 
highly upregulated during diapause maintenance, was subjected to further 
investigation and a wide range of attempts to demonstrate their activity was 
undertaken (Chapter 3). The availability of an albino mutant of T. urticae was the 
starting point for genomic mapping of the causal variant of diapause. The 
uncovered carotenoid biosynthesis gene underlying albinism could be confirmed 
in another independent line of the same species and in the citrus red spider mite 
(Panonychus citri). Furthermore, genome-editing experiments in an inbred line of 
T. urticae, led to the discovery of the involvement of this horizontally transferred 
gene in the initiation of diapause (Chapter 4).  
 
1 Transcriptomics, forward and reverse genetics: 
helpful tools for functional genomics? 
1.1 Transcriptomics: quantifying and identifying molecular changes  
The revolution in transcriptional profiling and the arrival of affordable 
techniques such as microarray and RNA-seq, have emerged as a very powerful 
approach to characterize and quantify transcriptomes. A genome wide gene-
expression analysis can uncover massive amounts of information and explores 
how organisms respond to environmental changes without having to make 
assumptions. The measurement of mRNA abundance allows the simple 
characterization of differentially expressed genes and is a hypothesis-independent 
approach. Experimental outcome potentially reveals genes that were not 
previously known to be essential and this has been used successfully to address 
O 
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a broad range of questions in the two-spotted spider mite. In 2012, genome-wide 
expression data was collected from spider mite populations that were adapted to 
a different host plant (tomato for five generations) and multi-acaride-resistant T. 
urticae populations. The customized microarray experiments revealed highly-
correlated expression profiles between host plant adaptation and pesticide 
resistance, and underlined the coordinated response of this polyphagous mite to 
different chemical challenges (Dermauw et al., 2013b). A surprising horizontal 
gene transfer from bacteria to the spider mite, has also been exposed via 
transcriptomics, and showed to play an essential role in the ability to feed on a 
cyanogenic host plant (Wybouw et al., 2014). Only 18 genes showed an increased 
expression upon the transfer to the different host plant, of which the majority was 
found in the abovementioned experiment, but the protein sequence of one gene 
(tetur10g01570, Tu-CAS) displayed high similarity to bacterial cysteine synthases. 
Next, phylogenetic analysis confirmed the bacterial origin of Tu-CAS, and the 
recombinant protein showed β-cyanoalanine synthase and cysteine synthase 
activity but enzyme kinetics showed that cyanide detoxification activity was 
strongly favored (Wybouw et al., 2014).  
Moreover, diapause research has made great leaps forward using 
transcriptional profiling in order to answer fundamental questions such as: “What 
are the biological mechanisms that underpin organisms to enter, maintain and 
terminate diapause and what is actually characterizing the different phases?”.  
Studies focusing on one species in one or several diapause phases (Emerson et 
al., 2010; Hao et al., 2016; Kankare et al., 2010; Poelchau et al., 2013b; Poupardin 
et al., 2015; Ragland et al., 2011, 2010; Sasibhushan et al., 2013) and a meta-
analysis of diapause whole transcriptomic datasets (Ragland and Keep, 2017) 
have tried to address this issue. Chapter 2 provides novel insights into the 
complex process of diapause in T. urticae (Acari). The genome-wide microarray 
carried out in this chapter detected many metabolic pathways that are affected 
during the diapause maintenance phase of T. urticae. The downregulation of 
genes related to detoxification and digestion is reasonable because diapause is 
defined as a progress of developmental arrest that is profoundly, endogenously 
and centrally mediated before the unfavorable conditions occur (Koštál, 2006). In 
addition, diapause overrepresented mRNA levels were assigned to genes related 
to the cytoskeleton organization, carotenoid biosynthesis and the inositol pathway. 
These upregulations were also observed in other diapausing insects 
(cytoskeleton, (Colinet et al., 2012; Kim et al., 2006)), cold hardened insects 
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(inositol accumulation,(Hoshikawa, 1982)) and the bright orange phenotype of the 
diapausing spider mites (carotenoid biosynthetic genes, (Altincicek et al., 2012)). 
Furthermore, a new gene family of putative antifreeze proteins stood out as highly 
upregulated in this experiment (Chapter 3) and was only discovered with the help 
of the unbiased screening of complex processes. Unfortunately, different 
approaches to validate the functional activity of the putative AFPs were not 
successful (Chapter 3).  
Although diapause is broadly phylogenetically dispersed across insects 
and has been thought to have multiple evolutionary origins, Ragland and Keep 
(2017) found that expression profiles tend to cluster with the developmental 
arresting stage and a high number of commonly differentially regulated 
orthologues across insect species. The enrichment of gene sets that match well 
with the most conspicuous phenotype, developmental suppression, showed to be 
indeed downregulated for the included datasets and is also confirmed in our 
transcriptional study (Chapter 2). When the meta-analysis focused on genes that 
are likely to be universally important in diapause regulation, it showed that genes 
participating in circadian rhythmicity, insulin signaling and Wnt signaling pathway 
are key players in common regulatory mechanisms. On the other hand, the set of 
10 genes, previously identified as an universal ‘toolkit’ and involved in metabolism 
and development during diapause in two fly species (Drosophila melanogaster 
and Sarcophaga crassipalpis), one nematode (Caenorhabditis elegans) and T. 
urticae (Ragland et al., 2010 and Chapter 2), was not identified as common 
diapause responses in this study’s meta-analysis. 
Besides the valuable downstream information gained out of different 
platforms of transcriptomics, some limitations have emerged while exploring 
physiological responses to the environment (Evans, 2015; Feder and Walser, 
2005). Two main considerations, that also apply to diapause research, were 
formulated:  
 
• Can genes of importance be identified with transcriptomics? A 
transcriptomic analysis screens thousands of genes simultaneously, but 
do the important ones come forward, as genes with large impact in the 
different processes of diapause might be rare?  
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• Do differences of mRNA levels imply a large effect on protein abundance 
and activity? In mammalian cells, ~30–40% of the variance in protein 
abundance is explained by mRNA abundance (Vogel and Marcotte, 
2012). Is it possible that transcript regulation is only half of the story of 
protein abundance?  
 
 
Figure 5-1: Schematic presentation of processes that could influence the amount and/or activity of proteins and 
clarification of the contribution of transcriptome, proteome, metabolome and lipidome to the development of the 
phenotype. HSPs: Heat Shock Proteins, LEA: Late Embryogenesis Abundant and TRPs: Temperature Receptor 
Proteins. This figure was adapted from Feder and Walser, 2005; Hayward, 2014. 
 
This skepticism towards transcriptomics and the application of other omic 
screens in order to provide extended knowledge of environmental stress 
physiology was also reviewed by Hayward (2014). It is suggested that a multi-
platform approach including mapping epigenetics effects, supplementary to 
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proteomics, metabolomics and lipidomics can provide a deeper understanding of 
the insect physiological processes. Several post-transcriptional and –translational 
mechanisms are given in Figure 5-1. At least one experiment has been carried out 
that links proteome with transcriptome data during diapause in the two-spotted 
spider mite (Zhao et al., 2016). This study, where proteins and RNA were extracted 
from the same sample (also see Chapter 1), represents parallels in regulation 
profiles for translation, cell membrame biogenesis and secondary metabolites 
biosynthesis, transport and catabolism. In Chapter 2, the outcome of the 
proteomics experiment of diapausing T. urticae (Khodayari et al., 2013) were 
compared to the microarray results of Chapter 2 and partly endorsed the changing 
protein levels.  
The overall omic approach is highly validated for understanding whole 
processes in response to diapause but more detailed snapshots (in time and 
tissue) need to be considered to improve this knowledge. Extractions from whole-
body homogenates can mask important life-changing signals: e.g. tissue-specific 
profiling of the fat-body and brain revealed that low levels of tricarboxylic acid 
(TCA) induces developmental arrest in H. armigera (Xu et al., 2012). In T.urticae, 
RNA extraction of dissected proterosomas (mite body region including legs I and 
II and the gnathosoma) showed the abundant mRNA levels of secreted salivary 
proteins in comparison to whole homogenates extractions. This finding was also 
confirmed on proteomic level (Jonckheere et al., 2016). Additionally, time series 
sampling is essential to understand when pathways respond and how this reaction 
coordinates the timing of phenotypic changes. A very recent study from Koštál et 
al. (2017) with different sampling moments demonstrated that each diapause 
developmental phase is characterized by a specific pattern of gene expression. 
This set-up disclosed several signalling pathways (20HE-mediated signaling, 
silencing of insulin and target of rapamycin) and endorses the physiological 
evidence of the distinct diapause phases described in Chapter 1. 
An undeniable restraint of the numerous omic screens is that these 
studies only seem to look for a correlation between molecular changes and the 
particular phenotype, without examining a clear causal relationship (Hayward, 
2014). Addressing this contention is a challenge because it requires an extended 
list of transcriptomic studies and an understanding of the impact that the candidate 
genes have on the phenotype (Evans, 2015). Consequently, forward genetics 
approaches that try to determine the genetic basis for a phenotype, could offer an 
answer to the lack of functional experiments.  
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1.2 Forward genetics; cloning for diapause genes? 
To date, detailed understandings of gene functions in arthropods have 
come disproportionately from D. melanogaster, for which a rich molecular-genetic 
toolkit is available. In particular, cloning of D. melanogaster mutations identified in 
forward genetic screens has shed light on the gene products and pathways 
underlying diverse aspects of insect biology. Currently, analogous methods for 
forward genetic screens have been recently established in spider mites. 
Nevertheless, a number of monogenic mutations relevant to diapause have been 
described in T. urticae or sister species. Besides the albino mutant (Chapter 4), 
the classic pigmentation mutations described in the 1960s and 1970s have largely 
been lost (Chapter 1, Figure 1-6). However, our laboratories regularly screen 
haploid males for pigmentation defects in the course of maintaining T. urticae 
stocks, and we have recovered seven mutations that are either a copy from the 
phenotype or generally resemble those reported previously. Additionally, large-
effect recessive or dominant mutations described in wild T. urticae strains are 
another source of genetic variation amenable to molecular-genetic dissection 
(Chapter 1, Table 1-2). 
Against this background, the key question for non-model arthropods is 
as follows: can the causal loci for diapause be readily cloned? For T. urticae, the 
outlook is now promising, and advances on two fronts suggest that cloning of 
monogenic loci will soon be routine (at least to the level of a moderate number of 
candidate genes). First, the 90 Mb genome sequence of T. urticae was published 
in 2011, and consists of a high-quality Sanger assembly and associated gene 
annotation. A high-quality assembly greatly facilitates positional cloning, and the 
N50 scaffold value for the T. urticae genome assembly is nearly 3 Mb, with nearly 
95% of the genome represented in the first 44 largest scaffolds (Grbić et al., 2011; 
Van Leeuwen et al., 2012). 
The second advance relates to innovations in genetic mapping methods 
themselves. Owing in part to DNA yield per animal, genotyping of single mites 
derived from genetic crosses at numerous sites genome-wide – i.e., as has been 
widely performed for genetic mapping with F2 populations in many plants and 
animals – is challenging in spider mites. Recent studies circumvented this difficulty 
by applying bulked segregant analysis (BSA), a method of genetic mapping at the 
population-level, using high-throughput sequencing data. This technique has 
allowed to determine the causal variant of a monogenic locus for pesticide 
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resistance (Demaeght et al., 2014; Van Leeuwen et al., 2012) and a carotenoid 
lacking albino mutant (Chapter 4). In the optimized BSA approach (see Material 
and methods of Chapter 4), inbred parental strains are crossed to form a large 
population that segregates for a causal allele, and the phenotypic extremes of the 
population are isolated as two pools after extensive recombination (Figure 5-2A). 
From the sequencing of genomic DNA of the parent strains and the pooled 
samples, changes in allele frequencies across the genome are then assessed to 
identify the location of a causal locus. In this genotype-by-sequencing (GBS) 
approach, the counts of aligned reads over variable sites supporting one or the 
other of the segregating alleles approximates the allele frequency (the identity of 
the alleles is established from the parental sequences). In the pool with a selected 
recessive phenotype, for example, alleles should be fixed at and nearby the causal 
variant, but have allele frequencies of about 50% elsewhere in the genome (Figure 
5-2C). In practice, allele frequencies are typically compared between the selected 
and unselected pools (Demaeght et al., 2014; Van Leeuwen et al., 2012; Van 
Leeuwen and Dermauw, 2016). This adjusts for systematic genotyping errors or 
concerted shifts in allele frequencies across pools unrelated to the phenotype 
under study, as can arise from negative epistatic interactions (partial genetic 
incompatibilities) or selection against unrelated deleterious alleles. 
  




Figure 5-2: A method for population-level genetic mapping. (A) Genetic mapping using the bulked segregant 
analysis (BSA) method involves crossing strains with contrasting phenotypes (i.e., a non-diapausing to a 
diapausing mite strain as indicated, green and orange, respectively; and allowing the progeny to form a large 
population. At a given time point, the population may be split (if replication is desired), and individuals are pooled 
by extremes of the phenotype of interest. Genomic DNA is then prepared, sequenced with high-throughput 
methods, and resulting reads are aligned to the genome to determine allele frequencies at segregating variable 
positions. (B) In principle, polygenic traits can also be detected with BSA scans, but fixation events will be 
incomplete and therefore less obvious; therefore, replication is needed to distinguish QTL (Quantitative Trait Loci) 
regions from those for which allele frequency deviations result solely from genetic drift. (C) For monogenic loci, a 
region of fixation is expected corresponding to alleles contributed by the parent for which the phenotype is 
recessive. Such fixation events are readily detectable in sliding window analyses as deviations from the 
expectation of equal allele frequencies (0.5, dashed line). 
	
Despite successes in mapping monogenic loci in T. urticae, detecting 
genomic regions underlying polygenic inheritance will undoubtedly be more 
challenging. Nevertheless, multigenic inheritance of diapause is likely common in 
diapause (see Chapter 1), and for many traits quantitative genetic variation is of 
high ecological relevance, as monogenic changes can be deleterious (and hence 
rare, explaining little population-level variation). The BSA approach used to map 
monogenic loci should also be applicable to detect quantitative variation, and the 
method has already been used in other organisms to detect quantitative trait loci 
(QTL) (Takagi et al., 2013). However, especially for minor-effect loci, many 
independent replicates are likely needed to separate genetically driven changes 
in allele frequencies from random drift in populations. Briefly, the former should 
correlate across replicates, and the latter not (Figure 5-2B). A strength of mites as 
a study organism is that many replicated populations can be generated and 
maintained over many generations, the latter feature facilitating dense 
recombination and hence higher resolution mapping (Demaeght et al., 2014; Van 
Leeuwen et al., 2012). For diapause research, this approach could unravel the 
 ______________________________________  General discussion and future perspectives 
151 
important gene(s) that play a key-role in diapause induction and/or termination. In 
Chapter 4, the genetic study aimed to map the causal locus for a complete albino 
phenotype that inherited in a monogenic recessive manner. The analysis and fine 
mapping pointed to a horizontally transferred carotenoid phytoene desaturase 
gene. Additionally, the disruption of this gene in the carotenoid lacking mites also 
pointed to the involvement of the pigments in diapause induction, whereas in 
albino mites, diapause could no longer be induced.  Another study (Ragland et al., 
2017) analyzed 10,256 SNPs measured via genotyping-by-sequencing (GBS) and 
intended to detect whether the genetics underlies the initial diapause intensity and 
diapause termination timing between hawthorn and apple-infesting host races of 
the fruit fly Rhagoletis pomonella. The outcome showed that loci linked to 
diapause termination were observed for SNPs mapping on chromosome 1 to 3 
and in contrast, flies selected on initial diapause intensity affected loci on all five 
major chromosomes (Ragland et al., 2017). In conclusion, both traits seemed to 
be not completely genetically independent and highly polygenic. Therefore, the 
difference between the two components of diapause life history appeared very 
difficult to map and implies the availability to respond to selection via this ample 
and unlinked variation. 
The forward genetic approach gives the opportunity to focus more 
upstream and generally employs aberrant individuals generated through both 
targeted and non-targeted mutagenesis, as well as natural available mutants. The 
phenovariance between individuals offers a unique opportunity to map and 
eventually indicate the causal gene that is responsible for the observed 
phenotype. This knowledge could lead to a thorough understanding of the 
involvement of genes that play a key role in essential processes and the 
complexity of certain pathways. Moreover, the recent technological development 
in massive DNA sequencing that reduces both the costs and time for creating large 
datasets, greatly supports the platform and potential in unravelling important 
biological questions through forward genetics (Moresco et al., 2013). 
 
1.3 One step further: improved reverse genetics 
While BSA mapping is already revolutionizing genetic studies in T. 
urticae, as well as in other arthropods, going from a BSA peak of several tens to 
hundreds of kb to pinpointing the causal gene will remain challenging for the 
foreseeable future. Experimental manipulations including overexpression or 
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knockdown of candidate genes has been vital to establish causality in organisms 
with developed genetic toolkits; however, the associated experimental methods 
have yet to be established for spider mites. While it is true that RNAi has been 
reported to work in T. urticae (Khila and Grbić, 2007; Kwon et al., 2013), as noted 
by Goto (Goto, 2016), the efficacy appears low. However, recently a comparative 
analysis demonstrated that direct soaking of the mites in dsRNA solution and 
mites feeding on dsRNA-coated leaves were the most efficient methods (Suzuki 
et al., 2017b). A maximum of 50% downregulation for the target gene was 
evaluated via real-time PCR but the silencing might not be efficient or maintained 
long enough to achieve a phenotypic change.  
Recently, genome-editing techniques, especially those that use the 
sgRNA-Cas9 system, are revolutionizing studies in model organisms like D. 
melanogaster, as well as in some non-model insect species (Golic, 2013; Kistler 
et al., 2015). Establishing robust genome editing tools in T. urticae would be 
revolutionary for studies of diapause, as well as a myriad of other traits, and should 
become a high priority for the field. An attempt for genome-editing by the CRISPR-
Cas9 system in T. urticae was undertaken in Chapter 4. Numerous unfertilized 
females were injected with two different sgRNA and the Cas9 protein which gave 
rise to 15 albino males belonging to two phenotypical groups. When the targeted 
genomic region was sequenced for the introduction of insertion/deletion mutations 
(indels) which disrupt the translational reading frame of the coding sequence in 
the phytoene desaturase, no typical CRISPR-Cas9 disruption was found. The 
complete albino phenotype harbored a large mutation that partly removed 
tetur01g11270 (the gene encoding for a phytoene desaturase) and the 
neighbouring downstream gene. Furthermore, comparing the nucleotide 
sequence of the second phenotype with the original inbred strain, showed a 
missense mutation more than 700 nucleotides away from the sgRNA target. Both 
the deletion and mutation are not typical for CRISPR-Cas9 editing events, 
originated from different females on different injection days and therefore, we 
concluded that the screening of a large entry of the utilized mites recovered two 
rare alleles from the population that segregated at a low frequency in the inbred 
line.  
To date, Drosophila species have been shown to be the most convenient 
insect for CRISPR-Cas9 success with the development of transgenic lines stably 
expressing Cas9 in their germline  (Ren et al., 2013). In other insects, where no 
Cas9 transgenic lines are available, genes were targeted at specific sites by the 
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direct microinjection of sgRNA(s) and Cas9 mRNA into preblastoderm embryos 
(Li et al., 2015; Wang et al., 2013b) (also see Chapter 1) and has shown great 
potential for reverse genetics in non-model species (Chen et al., 2016). The 
injection of eggs of T. urticae has been negatively evaluated by our lab and 
collaborators because the embryos don’t survive this manipulation (personal 
communication). In nematodes however, a genome-edited F1-generation was 
generated via the injection of plasmids, Cas9 protein and/or RNA in the germline 
or gonads of young adult hermaphrodite nematodes (Friedland et al., 2013; Witte 
et al., 2015). This approach was exploited to develop the injection protocol of the 
two-spotted spider mite in Chapter 4. We injected unfertilized females in the 
proximity of the ovaries so that the injection mixture of CRISPR-Cas9 could reach 
the embryo together with vitellogenin to provide nutrients for early embryos and 
involvement in yolk protein formation. In addition, preliminary injection 
experiments with a red fluorescent protein (mCherry) in the proximity of the ovaries 
showed that this dye was taken up in newly deposited eggs from injected females, 
and thus indicated that the delivery of proteins to embryos when injected in the 
mite’s ovaries. An important issue related to this method is mosaicism of the 
introduced mutation that yields in mosaic transgenic progeny because the 
CRISPR-Cas9 system can target genes at different stages of embryonic 
development (Luo et al., 2016). This was also considered as a possible 
explanation for the non-inherited albino phenotypes found after CRISPR-Cas9 
injection. Consequently, the targeted genomic region of these original albino 
males was subjected to Illumina sequencing with a deep coverage. Nonetheless, 
no mosaicism was observed in the numerous reads. In order to overcome possible 
mosaicism, an oocyte shuttle consisting of a recombinant protein that transports 
donor DNA into Xenopus (commonly known as the clawed frog) oocytes was 
developed (Rungger et al., 2017). These oocyte shuttle proteins carry the frog’s 
vitellogenin ligand receptor, that binds to oocyte receptors, and the nuclear 
localization signal of SV40, that mediates nuclear translocation within the oocyte. 
Binding of the donor DNA to this oocyte directing protein was addressed by adding 
streptavidin that has a high affinity to biotinylated DNA.  
The application of the oocyte shuttle protein combined with the CRISPR-
Cas9 editing technique can be applied on arthropods as well. This method would 
overcome the typical challenges of the microinjection in arthropods eggs and 
small-sized adult species and would result into higher efficiencies for targeted 
gene-editing techniques. 
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2 Diapause research in Tetranychidae: applications, 
remaining questions and future challenges 
For a large number of tetranychid species, diapause is observed and 
occurs only at a specific stage: embryonic diapause (egg stage) or reproductive 
diapause (adult stage) (Veerman, 1985). This adaptive strategy gives the 
opportunity to overcome harsh conditions and the ability of entering diapause is a 
key element for the worldwide successful distribution of T. urticae. Furthermore, 
diapausing females are a source for mite populations the following spring and 
understanding the mechanisms involved in diapause, may help developing new 
approaches for mite management and improve food security. For instance, old 
work from Den Houter (1976) focused on the susceptibility to acaricides 
(parathion, dicofol and dienochlor) of diapausing T. urticae females and 
demonstrated that diapausing females were less susceptible to these acaricides 
than summer females. This should be taken in account when applying control 
measures at the end of summer or early autumn. This PhD dissertation aimed to 
understand diapause in T. urticae more profoundly through a genomic approach. 
The outcomes of this research can offer new perspectives for future applications 
in pest management. 
In Chapter 2, a genome wide gene-expression study was carried out to 
extend the knowledge on processes during diapause maintenance in T. urticae. 
Specific adaptations were uncovered and some of these processes can be 
explored for potential future applications. In the transcriptomics data, genes 
associated with signal transduction and G-protein coupled receptors (GPCRs) 
displayed a differential expression. GPCRs can be activated through specific 
hormones and neurotransmitters that are able to regulate diapause. In T. urticae, 
it was speculated that the involvement of methyl farnesoate could suppress the 
production of ponasterone A (a potential endocrine effector of  diapause) (Goto, 
2016). Modifications of these specific endocrine effectors, like methyl farnesoate, 
can yield in agonists and antagonists that can activate or suppress diapause 
regulation. This approach can result in a tool for pest management by means of 
disrupting mite diapause. Likewise, previous studies in the Helicoverpa/Heliothis 
complex of agricultural pest, have shown several options to activate or deactivate 
the diapause hormone receptor (Zhang et al., 2011). Furthermore, in order to 
identify the correct GPCRs involved in diapause regulation of T. urticae, it will be 
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essential to focus on gene expression patterns during the developmental stages 
that are sensitive for diapause induction. 
Secondly, the microarray experiment in Chapter 2 also indicated the 
importance of putative Tu-AFPs. Although the Tu-AFPs could not be functionally 
validated (Chapter 3), antifreeze proteins offer a wide range of applications in 
food, medical and agricultural industries (Venketesh and Dayananda, 2008). The 
AFPs that have an inhibitory effect on ice crystal formation can be used to reduce 
cellular damage and minimize the loss of nutrients in foods that are frozen for 
preservation and transport. Especially for medical applications, cryopreservation 
of cells, tissues and embryos is a promising area. AFPs from fish have shown to 
improve the cryopreservation of oocytes, sperm, vertebrate and invertebrate cell 
lines and even an intact liver. The agricultural sector can also benefit from these 
proteins by the expression of AFPs in transgenic plants to improve cold hardiness 
(Venketesh and Dayananda, 2008). This has already been demonstrated when 
an AFP from the spruce budworm was introduced in tobacco (Holmberg et al., 
2001). In addition, understanding the cryoprotective measures in T. urticae can 
possibly support the exploration of cold hardiness adaptations in predatory mites 
that might be useful for biocontrol and the mass rearing facilities. 
In Chapter 4, the essential role of the phytoene desaturase gene 
tetur01g11270 in diapause induction was shown for an overwintering strain in T. 
urticae. A potential application of this observation would be the manipulation of 
diapause incidence via this essential carotenoid biosynthesis pathway. Preventing 
diapause induction can minimize the chances of spider mites reaching proper 
overwintering habitats and should consequently suppress their populations the 
following spring (Suzuki, 2012). Nowadays, commercially important bleaching 
herbicides (norflrazon, fluridone and diflufenican) are known as phytoene 
desaturase inhibitors (Sandmann, 2002) and can have the ability to disrupt the 
activity of T. urticae’s phytoene desaturase. Nevertheless, molecular work has 
shown that there are two unrelated types of phytoene desaturases: one is found 
in bacteria and fungi whereas another group is present in cyanobacteria, algae 
and higher plants (Sandmann and Fraser, 1993). Keeping in mind that the cluster 
of carotenoid biosynthesis genes has a fungal origin (Grbić et al., 2011), the 
bleaching herbicides will most likely not affect the T. urticae phytoene desaturase 
but molecules can be modified to target the diapause induction in the two-spotted 
spider mite without damaging crops. 
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Figure 5-3: Overview of the contributions made by this PhD dissertation. Chapter 2 and 3 (blue) focused on 
processes during the diapause maintenance phase in T. urticae. Chapter 4 (green) revealed an essential gene 
for diapause induction. 
The general aim of this PhD dissertation was to unravel essential 
mechanisms underlying diapause in the two-spotted spider mite. An overview of 
this contributions to diapause research in T. urticae are visualized in Figure 5-3. 
The research focus was initiated by postulating specific research questions that 
were covered in three research chapters. In Chapter 2, a microarray experiment 
comparing diapausing and non-diapausing mites demonstrated molecular 
modifications underlying and associated with diapause maintenance that 
overlapped with insects and arthropods. In addition, specific adaptations for T. 
urticae in the diapause maintenance phase also came forward and included the 
involvement of GPCRs, the cytoskeletal organization, the inositol pathway and the 
highly upregulated gene family of putative Tu-AFPs. Moreover, the differential 
gene expression of carotenoid biosynthesis genes underlined the upregulation of 
these genes on scaffold 1 during diapause maintenance and in the red colour 
morphs. In order to extend this research field, gene-expression studies with the 
different diapause phases mentioned in Chapter 1:1.2, can reveal essential 
physiological processes specific for each phase. Previously, It has been shown by 
a study of Koštál et al. (2017) that according to their transcriptional profile, different 
processes are involved in the phases of diapause. The second research chapter 
(Chapter 3), focussed on the putative Tu-AFPs. Unfortunately, the thermal 
hysteresis activity of the selected proteins could not be confirmed. As suggested 
in the discussion of Chapter 3, in vivo approaches can improve correct folding of 
the proteins and can provide the presence of enhancers essential for AFP’s 
activity. On the other hand, a sequential ice affinity purification of Tu-AFPs can be 
achieved from the soluble fraction of adult spider mites (Basu et al., 2015a; Kuiper 
et al., 2003) but this technique would require a large quantity of mites exposed to 
optimized AFP-inducing conditions. Furthermore, exposing mites to extreme low 
temperatures can also boost the production of AFPs and should be measurable in 
whole mite homogenates by ice recrystallization inhibition assays. 
The final research chapter (Chapter 4) focused on the role of carotenoids 
in T. urticae. An albino mutant was used to address this question and identified 
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the disruption of a phytoene desaturase gene tetur01g11270 as the genetic cause 
for this phenotype. In addition, an attempt at gene editing of tetur01g11270 with 
the CRISPR-Cas9 technique was carried out. Although albino mutants arose from 
this experiment, it could not be verified that the outcome was typical for CRISPR-
Cas9 gene editing events. Accordingly, the conclusion suggested that the 
screening of > 20,000 males recovered two rare alleles from the population. 
Suggestions to improve the CRISPR-Cas9 technique in T. urticae were described 
in section 1.3 of this chapter. Nevertheless, the recovery of albino mutants with a 
disruption in the phytoene desaturase gene in a diapause background offered 
opportunities to understand the function of this gene and the role of carotenoids 
for diapause induction. Experiments showed that phytoene desaturase 
tetur01g11270 plays an important role in diapause induction for the selected strain 
Wasatch inbred. This highly diapausing strain fails to enter diapause in long night 
conditions when the gene tetur01g11270 is disrupted. However, this does not 
indicate that diapause cannot be induced when selection pressure obliges the 
strain to enter diapause defined by other environmental cues or a combination of 
the cues. On the other hand, diapausing albino mutants were only rarely observed 
in our Alb-NL strain and this could indicating the possibility of another cue that is 
importance for diapause induction in the Alb-NL strain. Furthermore, our research 
in Chapter 4: did not aim to clarify the role of phytoene desaturase tetur01g11270 
in diapause maintenance and therefore only conclusions about diapause induction 
could be drawn. In future research, the albino lines can be explored to unravel the 
necessity of carotenoid biosynthesis genes in T. urticae and address several 
research questions. Does the loss of function of tetur01g11270 affects life cycle 
parameters and are there fitness costs related to this phenotype? Is it possible to 
induce diapause in albino mutants by changing the environmental cues ? In 
addition to the second question, it will be possible to understand the function of 
ketocarotenoids accumulation and turning completely orange, during diapause 
maintenance and their role after diapause termination. In general, carotenoids are 
known to act as antioxidants in insects whereas blocking UV light and quenching 
singlet oxygen from oxidative stress can protect them against damage (Heath et 
al., 2013). In pea aphids (Acyrthosiphon pisum), the presence of a red pigment 
carotenoid (torulene) also influences their interaction with natural enemies 
(Harmon et al., 1998; Libbrecht et al., 2007; Losey et al., 1997). Furthermore, 
when the aphid’s genome was found to contain carotenoid biosynthesis enzymes 
acquired through lateral transfer of genes from fungi, it was also reported that a 
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mutation causing an amino acid replacement in one of the desaturase enzymes 
resulted in the loss of torulene and the red body color (Moran and Jarvik, 2010). 
Previously, it was also shown in the two-spotted spider mite that the diapause 
induction percentage was increased when there was a higher predation risk by 
Typhlodromus pyri (Kroon et al., 2004). This could be the effect of different 
environmental cues or a selective response of T. urticae to avoid predation. The 
second explanation is very unlikely because another experiment from Kroon et al. 
(2005) indicated that T. pyri showed a preference for the diapause phase. To 
conclude, the ecological advantage for T. urticae of accumulating a bright orange 
color during diapause, is still unknown. 
 
Besides the research questions discussed in this dissertation so far, 
there are other diapause related mechanisms in T. urticae that could be 
scrutinized in future research. 
In order to coordinate the timing of development, reproduction and 
migration to the most favourable season, numerous organisms have evolved a 
circadian clock to coordinate daily activities to the presence of light and those 
inhabiting a temperate zone developed a response to the length of dark and lights 
periods: photoperiodism . The plant physiologist Erwin Bünning suggested already 
in 1936 that circadian rhythms formed the basis for photoperiodic response to day 
or night length (Bünning, 1936) and nowadays the involvement of a circadian clock 
in photoperiodism is generally accepted in insects and mites ((Bradshaw and 
Holzapfel, 2010, Chapter 1). Recently, knockdown experiments of genes 
belonging to the molecular machinery of the circadian clock underlined the 
participation in photoperiodism and its relation to diapause (Goto, 2013; Saunders 
et al., 2004). The genome of T. urticae also reveals homologues of the important 
clock genes (Goto, 2016) and although a clock role for the circadian system in 
mite photoperiodism is highly debated (Veerman, 2001), it would be beneficial to 
investigate the roles of these genes in both photoperiodism and the circadian clock 
in the future. Comparing mRNA levels during long and short nights could provide 
important insights into their role in diapause induction and termination processes. 
Related to this, a key question is whether malfunctioning of the clock genes affects 
photoperiodism and diapause in T. urticae? 
An expression analysis study of the drosophilid fly, Chymomyza costata 
showed that genetic variants of per and tim displayed an abnormal photoperiodic 
response. A low level of mRNA of per and the complete absence of tim mRNA 
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was also observed in the respective mutant flies (Pavelka et al., 2013). 
Additionally, the atypical photoperiodic phenotype could be genetically linked to 
the locus containing tim and provides evidence for an essential role of tim in 
photoperiodic induction in this species.  
In Chapter 4, it is demonstrated that the deletion of the phytoene 
desaturase gene tetur01g11270 is not only responsible for the complete albino 
phenotype but also abolishes the high diapause incidence observed in the 
Wasatch inbred line. This observation implies that disrupting the carotenoid 
biosynthesis pathway also inhibited the pigments in the two (anterior and 
posterior) eyes of the spider mites and it has been suggested that both retinal and 
extraretinal photoreceptors play an important role in T. urticae’s photoperiodism 
(Goto, 2016). Moreover, upon surgical removal of both eyes, mites failed to 
discriminate photoperiods and were not able to terminate diapause (Hori et al., 
2014). Keeping in mind that, according to the limits of SEM, the structures of the 
eyes are still intact in the albino lines (see Chapter 4), one could suggest that the 
eye pigments are essential as photoreceptive molecules but this hypothesis would 
need additional experiments and further analysis of the different eye pigment(s). 
Nevertheless, a study of Veerman (2001) suggested that carotenoids, or more 
likely carotenoid-derived chromophores coupled to a protein moiety (for example 
opsin), are crucial for the photoperiodic perception in insects and mites.  
Over the last ten years, a major interest developed to understand the 
(potential) role of epigenetic mechanisms in diapause regulation. Epigenetic 
processes cover three kinds of modifications: DNA methylation, histone 
modification and small RNA interference and can alter the phenotype of an 
organism without changing the DNA sequence. Moreover, diapause initiation, 
maintenance and termination might be controlled by epigenetic influences for its 
regulating processes (Reynolds, 2017). DNA methylation, a process where methyl 
groups on cytosine nucleotides of DNA changes the gene regulation, has been 
reported to be responsible for diapause regulation in the parasitoid wasp, Nasonia 
vitripennis (Pegoraro et al., 2015). These insects display a maternally regulated 
larval diapause and have a fully functional DNA methylation kit. When females are 
reared in short day lengths, the DNA methylation profile is substantially different 
from females reared under long day lengths and this influences the diapause 
induction in their offspring. More confirmation was provided by knocking down the 
essential gene DNA methyltransferase 1a via RNA interference. When DNA 
methylation was pharmacologically blocked by an inhibitor 5-aza-2’-dedoxy-
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cytidine, the females didn’t induce diapause in their offspring, regardless of the 
day length. The control group of females fed with a sugar solution, displayed a 
high incidence of larval diapause in short days which was in contrast with 
developing pupae originating from long day exposed mothers. Secondly, histone 
modifications like changes in histone methylation (Poupardin et al., 2015), 
polycomb group proteins (Lu et al., 2013; Yocum et al., 2015) and histone 
acetylation (Reynolds et al., 2016) are also associated with the distinct diapause 
phases. Finally, small non-coding RNAs (microRNAs, small-interfering RNAs and 
piwi-associated RNAs) are increasingly recognized to be involved as regulators in 
insect diapause (Reynolds, 2017). Two studies carried out in the flesh fly, 
Sarcophaga bullata, underlined the changes of small RNAs abundance and could 
correlate the levels to the regulation of pupal diapause and the maternal block of 
diapause in the fly (Reynolds et al., 2017, 2013). This maternal effect inhibits the 
programming of diapause in progeny of females that underwent diapause 
themselves.  
Like the abovementioned parasitoid wasp, the citrus red mite, 
Panonychus citri, and the European red mite, Panonychus ulmi, lay diapause eggs 
when the maternal generation is exposed to short days during proto- and 
deutonymphal stages (Veerman, 1985). Also a study in T. urticae reported a 
strong maternal effect in diapause inheritance (see Chapter 1): female mites 
reared in long-night conditions gave rise to a progeny with a higher diapause 
incidence than non-diapausing mites (Oku et al., 2003). Possibly, one or an 
interaction of the abovementioned epigenetic processes could also have an effect 
on diapause induction, maintenance and termination in these tetranychid species. 
In conclusion, diapause in mites still has numerous unresolved 
questions. Therefore, extended experiments on molecular, cellular and organismic 
levels will be necessary to fully understand this complex, yet fascinating, research 
topic. With new revolutionary genomic techniques in hand and the amassed 
knowledge of diapause and the role of carotenoids of T. urticae in this thesis, the 
set-off for a better understanding and eventually manipulation of diapause in T. 
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Chapter 2 
Appendix 2-A: qPCR primers used in this study. (.docx) 
 




Appendix 2-B: Top 20 of up- and downregulated genes in diapausing T. 
urticae females. (.xlsx) 
 






Appendix 2-C: Microarray validation by qPCR. 
qPCR validation was performed for 13 genes that were differentially expressed in our 
microarray experiment (tetur23g00860 (C1A cysteine peptidase), tetur03g09330 (glucose 
dehydrogenase), tetur26g00570 (low-density lipoprotein receptor), tetur17g03230 (lipase A), 
tetur22g02640, tetur22g02670, tetur22g02690, tetur22g02730, tetur22g02790 (antifreeze 
proteins), tetur01g11260, tetur11g04820 (carotenoid desaturases), tetur01g11270 and 
tetur11g04840 (carotenoid synthases). Error bars represent the standard error of the 
calculated mean based on three biological replicates. Asterisks indicate significantly 
differentially expressed genes (random reallocation test) compared to the reference 
condition (green, non-diapausing LS-VL strain at 17°C). Microarray expression data from 
this selection of genes are shown next to their qPCR expression data. qPCR primers can be 
found in Appendix 2-A. Available online at 
https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-815 
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Appendix 2-D: Blast2GO data distribution of differentially expressed genes 
in diapausing T. urticae females and of all protein coding genes in the T. 
urticae genome. (.docx) 
 




Appendix 2-E: Differentially expressed cysteine peptidases in diapausing T. 
urticae females. (.docx) 
 




Appendix 2-F: Differentially expressed cytochrome P450 monooxygenases 
(CYPs) in diapausing T. urticae females. (.docx) 
 




Appendix 2-G: Differentially expressed carboxyl/cholinesterases (CCEs) in 
diapausing T. urticae females. (.docx) 
 




Appendix 2-H: Differentially expressed glutathione S-transferases (GSTs) in 
diapausing T. urticae females. (.docx) 
 




Appendix 2-I: Differentially expressed ABC-transporters (ABCs) in 
diapausing T. urticae females. (.docx) 
 




Appendix 2-J: Differentially expressed intradiol ring-cleavage dioxygenases 
(ID-RCDs) in diapausing T. urticae females. (.docx) 
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Appendix 2-K: T. urticae homologs of D. melanogaster enzymes involved in 
inositol-metabolism. (.xlsx) 
 
Available online at https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-
815 
 
Appendix 2-L: Differentially expressed genes involved in carotenoid 
synthesis in diapausing T. urticae females. (.docx) 
 
Available online at https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-
815 
 
Appendix 2-M: Differentially expressed genes involved in signal 
transduction in diapausing T. urticae females. (docx) 
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a “F” and “R” indicate primer sequences in the forward and reverse orientation, respectively. 
b Tm stands for annealing temperature 
 
 
Appendix 3-A: Primers used for amplification of functionally expressed 
AFPs. 























R:  ACATTGACAATTTTTACAATCTGTACG 
60.9 
59.7 
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* T . urticae accession numbers and their corresponding gene sequences can be found at the ORCAE database 
(http://bioinformatics.psb.ugent.be/orcae/overview/Tetur 




Appendix 3-B: Differentially expressed antifreeze proteins (AFPs) in 
diapausing T. urticae females.  
 
Available online at https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-
815 
 
Appendix 3-C: Predicted 3D structure of a putative T. urticae AFP, 
tetur22g03033. (best viewed with Swiss-Pdb-Viewer (http://spdbv.vital-
it.ch).(PDB 38 KB) 
Available online at https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-
815






tetur22g02690 + 164.9 0.003 n/a:hypothetical protein (hypothetical phage protein) 
tetur22g02640 + 45.67 0.003 n/a:hypothetical protein (No hits found) 
tetur63g00030 + 42.89 0.003 n/a:hypothetical protein (No hits found) 
tetur22g02700 + 35.39 0.003 n/a:hypothetical protein (No hits found) 
tetur22g02780 + 35.39 0.003 n/a:hypothetical protein (No hits found) 
tetur22g02670 + 19.44 0.004 n/a:hypothetical phage protein  (hypothetical protein) 
tetur63g00050 + 14.39 0.004 n/a:hypothetical phage protein  (hypothetical protein) 
tetur22g02810 + 9.8 0.004 n/a:hypothetical protein (No hits found) 
tetur283g00030 + 9.57 0.003 n/a:hypothetical protein (No hits found) 
tetur22g02790 + 8.17 0.003 n/a:phage protein (hypothetical protein) 
tetur22g02550 + 7.65 0.005 n/a:hypothetical protein (No hits found) 
tetur22g02730 + 5.29 0.003 n/a:hypothetical protein (No hits found) 
tetur22g02800 + 5.14 0.008 n/a:hypothetical protein (No hits found) 
tetur63g00070 + 4.94 0.004 n/a:hypothetical protein (No hits found) 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1. tetur22g02550**  48.2 43.3 35.5 77.1 54.9 43.8 62.4 66 55.4 90.8 77.8 56.7 38.3 62.5 97.9 48.2 42.4 54.9 35.5 
2. tetur22g02640 63.8  36.7 40.3 50.3 46.5 35.4 66.7 51 45.2 49.6 45.1 47.3 41.5 44.4 49.3 99.2 36.2 45.3 40.3 
3. tetur22g02670 55.2 44.8  23.8 49.5 53.3 79 43.8 45.7 54.6 44.8 49 41.4 25.2 44 44.1 36.7 96.7 52.4 23.8 
4. tetur22g02690 50.4 56.9 29.5  37.3 33.3 26.8 43 32.7 32.7 34.8 35.9 38.3 73.7 33.8 34.5 41.1 25.2 34.6 100 
5. tetur22g02700 85.6 63.4 59 48.4  55.6 49 61.4 78.4 59.5 77.8 88.9 55.6 39.2 65 76.6 49.7 48.1 56.2 37.3 
6. tetur22g02730 67.9 58.5 60 40.9 69.2  49.3 61 54.5 69 54.9 53.1 58 35.8 47.7 55.2 46.5 54.3 96.9 33.3 
7. tetur22g02740 55 41.1 85.2 32.5 56.9 57.9  42.6 46.2 53.2 43.8 47.1 41.4 27.8 41.7 44.1 35.9 77.6 50.7 26.8 
8. tetur22g02760 73 74.8 51.4 52.6 70.6 68.6 49.8  62.7 57.1 63.8 57.5 59.4 46.7 51.3 62.7 65.9 43.3 59.1 43 
9. tetur22g02780 75.8 61.4 56.7 42.5 85 66.7 54.1 70.6  54.2 66.7 73.2 51.6 39.2 55.4 65.6 51 45.7 54.8 32.7 
10. tetur22g02790 69 54.8 66.7 40.5 73.8 82.1 63.2 66.7 67.3  55.4 56.5 57.1 33.9 57.7 55.6 45.2 53.7 67.9 32.7 
11. tetur22g02800 96.5 63.1 53.8 48.9 84.3 66 54.1 73 75.2 69.6  82.4 56.7 37.6 65 90.1 48.9 42.9 55.6 34.8 
12. tetur22g02810 84.3 58.8 58.1 46.4 91.5 66.7 57.9 68.6 80.4 72 86.3  51 39.2 63.1 77.3 44.4 48.1 53.1 35.9 
13. tetur22g03033 70.9 64.8 49.5 46.9 62.7 66 49.3 69.6 62.1 64.3 68.1 63.4  39.5 48.8 57 46.5 40.5 57.4 38.3 
14. tetur22g03063 48.2 54.5 31.9 85.3 48.4 42.1 34.4 54.8 45.1 41.7 48.9 48.4 50  36.9 38 41.5 26.2 32.1 73.7 
15. tetur22g03073 73.8 54.4 53.3 42.5 80 63.8 52.6 61.9 70 72 74.4 76.3 58.8 44.4  62.1 43.8 44.7 47.1 33.8 
16. tetur283g00030 98.6 62.7 55.2 47.9 85 67.3 54.5 71.8 75.2 68.5 95.1 83.7 69.7 47.9 74.4  47.9 42.2 54 34.5 
17. tetur63g00030 63.8 99.2 44.3 56.9 62.7 57.9 42.1 74.1 61.4 53.6 62.4 58.2 64.1 54.5 53.8 62.7  36.2 45.3 40.3 
18. tetur63g00050 54.8 44.3 98.1 31.4 57.6 61.4 84.3 51 56.2 65.7 52.4 56.7 50.5 32.4 54.8 54.3 43.8  52.9 25.2 
19. tetur63g00070 67.3 57.9 59.5 40.9 69.2 98.7 57.9 66.7 67.9 81 66 66.7 65.4 44.7 66.3 65.4 57.2 61.4  34 
20. tetur63g00090 50.4 56.9 29.5 100 48.4 40.9 32.5 52.6 42.5 40.5 48.9 46.4 46.9 85.3 42.5 47.9 56.9 31.4 42.1  
*amino acid sequence identity (green) and similarity (red) between T.  urticae AFPs were calculated using MatGat 
**T. urticae accession numbers and their corresponding gene sequences can be found at the ORCAE database (http://bioinformatics.psb.ugent.be/orcae/overview/Tetur) 
 
Appendix 3-D: Percentage identity/similarity between T. urticae AFP protein sequences. 
Available online at https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-815 
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Species Product namea Primer names & sequences (5’ to 3’)b Tm (°C) 
T. urticae 5’_300_kbc F: ATTGCTTGGTGTCTGTGGTG 58.7 
  R: CGAGCAAACTGAGCAAAAGG 58 
T. urticae 5’_50_kbc F: CATACAACATTGGGCCCAGC 59.5 
  R: TGATCGCATCCAAAAGCGTTC 59.9 
T. urticae 5’_40_kbc F: AATCCCATTTGTGCCCTCAA 57.7 
  R: GGAAACGATCAAGAAAACAGCG 58.8 
T. urticae 5’_30_kbc F: TGTTAAGTTGCTCGATGAATGTC 57.5 
  R: CCTGATTGCTTGGATGAGGT 57.6 
T. urticae 5’_20_kbc F: ATATTACATGCCCTGGTCGG 57.1 
  R: TGTTAACAAGTGAAATGCGAGAG 57.7 
T. urticae 5’_10_kbc F: GAATTGAAACAACATGGAAAGGC 57.4 
  R: AATCATGCATAACACAGTCAAGG 57.4 
T. urticae 3’_300_kbc F: CCTGACAATTTTGCGGCTAAC 58.4 
  R: GGGAAATAACGCGAAACATCG 58.3 
T. urticae 3’_50_kbc F: TCGACCCTTTCAACTTCAACTC 58.5 
  R: GCTTTGACCTTAGTTGCCCG 59.5 
T. urticae 3’_40_kbc F: TTCTAGGCAAAGTTGATGTTGC 57.5 
  R: GAACACGCACAGCAAGATCA 59.1 
T. urticae 3’_30_kbc F: ACGAAATTGGCGATGAAATAGGA 58.8 
  R: TCAAGATAGGTAGCGGCTCA 58 
Appendix 4-A: continues on next page  
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Species Product namea Primer names & sequences (5’ to 3’)b Tm (°C) 
T. urticae 3’_20_kbc F: GTAAGCCCAGGTTCGGTTTC 58.8 
  R: ATGCAGGAGAGTTGGCGTAT 59.1 
T. urticae 3’_10_kbc F: CGAGTGATTTATGAAATTGCGCA 58.7 
  R: TTCAGTTGACTTGCCAGATGA 57.5 
T. urticae tetur01g11270_part1d F: TGATTGTGGGTTCAGTTATCATTACC 59.4 
  R: TTTAGTGCCGTACGATGTTGG 58.7 
T. urticae tetur01g11270_part2 d F: TGGTATAACACTGGAGAGTGGAGAG 61.1 
  R: AGGACGAGTGGAATGAAGATACC 59.6 
T. urticae sgRNA_screen F: ACGAGCAACAAAGTACTTCAAAA 57.5 
  R: CAACCTCTCCACTCTCCAGT 58.4 
P. citri Pcitri_01g11270_part1 
d 
F: TTAACGTTTGAACATCGTAGTAGTT 57.1 
  R: CCACCTTGTTGAATCCACCC 58.7 
P. citri Pcitri_01g11270_part2 
d 
F: CTGACCACATGATCAAAGCGT 58.9 
  R: CCACACAAGACAATCGGAACT 58.5 
P. citri Pcitri_shortseq d F: AGATTTAAATCAAGGCAAAG 59.3 
  R: ACTAGTTTTTGAGAATATAT 60.2 
a : For primer pairs used for genetic mapping, product names refer to the distance either 5’ or 3’ from the ends of 
the tetur01g11270 gene (i.e., the “5’_300_kb” product is located 300 kb upstream of the 5’ most position in 
tetur01g11270 on scaffold 1). Locations are rounded off to the nearest 10 kb. 
b : “F” and “R” indicate primer sequences in the forward and reverse orientation, respectively. 
c : Amplicons used for genotyping F2 individuals for genetic mapping. 
d : Amplicons used for variant discover at the tetur01g112790 locus. 
 
Appendix 4-A: Primers used for amplification of sequences in the 
tetur01g11270 genomic region. 
 
Available online at http://www.pnas.org/content/early/2017/06/28/1706865114  
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Appendix 4-B: Single guide RNAs used for the CRISPR-Cas9 experiment 
with injections of adult females 
 





Appendix 4-C: Scanning electron microscopy (SEM) images of T. urticae and 
P. citri eyes. 
 
SEM images of the anterior (a) and posterior (p) eyes of an (A) wildtype adult T. urticae 
female (strain London), (B) adult T. urticae albino female (strain Alb-NL), (C) wildtype adult 
P. citri female, and (D) adult P. citri female with an albino phenotype. The scale bar in panel 
(D) applies to each panel and represents 10 micrometers. Available online at 
http://www.pnas.org/content/early/2017/06/28/1706865114 
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Appendix 4-D: Similarity between strains as assessed with genome-wide 
SNP data. 
 
Values in each rectangle represent the percent similarity of pairs of strains as assessed with 
488.6 thousand high quality SNPs (see SI Text; % similarity for each comparison is color-
coated according to the gradient at the far right). Strain names are at the left and across the 
top. Strains Wasatch, W-Alb-2, and W-Alb-14 are essentially identical, reflecting the inbred 
nature of Wasatch, and the origin of the two albino mutations on the Wasatch background 
(W-Alb-2 and W-Alb-14). The high level of similarity between PA1 and PA2 suggests that 
their progenitor Alb-NL strain was partly, but not completely, inbred at the start of the 
experiment (the strain had been maintained in the laboratory for more than 40 years, and 
presumably lost genetic variation as a result of bottleneck events). Other strains show much 
reduced levels of identity to other strains, with Alb-NL and Alb-JP being comparatively 
dissimilar (reflecting an independent origin of albinism in these two strains). While most 
strains are inbred or partly inbred, MAR-AB is highly outbred, potentially reflecting its 
apparent greater level of similarity to most other strains in the pairwise comparisons (see 
Chapter 4:3.11). Available online at 
http://www.pnas.org/content/early/2017/06/28/1706865114 
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Gene name Beginninga Enda Functional descriptionb 
tetur01g11140 5179383 5180191 Protein kinase-like domain 
tetur01g11150 5181220 5182922 Similar to 65 kDa Yes-associated protein 
tetur01g11160 5182997 5185420 Hypothetical protein 
tetur01g11170 5185594 5189131 CRAL-TRIO lipid binding domain 
tetur01g11180 5191610 5193055 Leucine-rich repeat domain, L domain-like 
tetur01g11200 5193187 5195562 Ribonuclease Z 
tetur01g11210 5196358 5199468 Translation elongation/initiation factor/ribosomal 
tetur01g11220 5201763 5205151 Amino acid transporter 
tetur01g11240 5207037 5209029 Amino acid transporter 
tetur01g11260 5209423 5213678 Similar to lycopene cyclase / phytoene synthase 
tetur01g11270 5214229 5215943 Phytoene dehydrogenase 
tetur01g11280 5217904 5218469 Endonuclease/exonuclease/phosphatase 
tetur01g11290 5218701 5220395 Hypothetical protein 
tetur01g11300 5221139 5224567 Serine/threonine/dual specificity protein kinase 
tetur01g11310 5226547 5228673 Ribonuclease D 
tetur01g11320 5234400 5236409 Polynucleotidyl transferase; ribonuclease H fold 
tetur01g11330 5236785 5238482 NUC153 
tetur01g11340 5239599 5242040 Zinc finger, RanBP2-type 
tetur01g11350 5242259 5245557 N-acetyltransferase 10 
a:: Beginning and end coordinates refer to positions on scaffold 1 of the T. urticae genome assembly that delineate 
complete gene sequences. Genes in the carotenoid biosynthetic cassette fall roughly in the middle of the region.  
b: Functional annotations are from the Online Resource for Community Annotation of Eukaryotes 
(http://bioinformatics.psb.ugent.be/orcae/). 
 
Appendix 4-E: T. urticae genes in the minimal 66.2 kb candidate region for 
albinism. 
 
Available online at http://www.pnas.org/content/early/2017/06/28/1706865114 
  




Appendix 4-F: Coverage depth of sequence reads aligned to the 66.2 kb 
minimal candidate region for albinism. 
 
(A-F) Coverage variation across the minimal causal region for albinism in strains of T. urticae 
with the position and direction of transcription of genes in the region shown at bottom (G). 
Two carotenoid biosynthetic genes in T. urticae of fungal origin are indicated in orange. 
Coverage (gray) reflects the depth of overlying Illumina genomic DNA reads as aligned to 
the London reference genome. A region of no read coverage reflects structural variation 
immediately downstream from the carotenoid biosynthetic genes, including the absence of 
sequences present in London (this region is defined by dashed blue lines, although the 
genomic differences are not identical across all lines, i.e., compare Wasatch to Foothills). 
The dashed red lines delineate an additionally deleted region in W-Alb-14, an albino line 
harboring a spontaneous mutation that arose in the Wasatch strain. Available online at 
http://www.pnas.org/content/early/2017/06/28/1706865114 
  
Genomic position, scaffold 1 (Mb)
tetur01g11260 (cyclase/synthase)
tetur01g11270 (desaturase)
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Appendix 4-G: Continues on next page  
T. urticae (tetur01g11270) 1 - - - - - - - - - - - - - - - - - - - - M N G N S S S S A K R A I V I G A G V G G S A V A A R L G K L G F D V T V Y E K 40
T. evansi (c7787) 1 - - - - - - - - - - - - - - - - - - - - M N G N S N S S S K S A I V I G A G V G G S A I A A R L G K L G F D V T V Y E K 40
P. citri (contig_2090) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
P. ulmi (contig_03118) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
M. destructor (Mdes009995) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S S T R K S V I I V G C G I G G V A C G A S L A R Q G F D V T V Y E K 36
M. destructor (Mdes003797) 1 - - - - - - - - - - - - - - - - - - - - - - M M K V N R T K S V M I V G C G I G G V A L A A R L A R N G F D V K V Y E K 38
A. pisum (XP_001943225.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
A. pisum (XP_001946689.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
A. pisum (XP_001950764.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K R G F Q V E V F E K 33
M. persicae G006 (000134350) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
M. persicae G006 (000134430) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000203460) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V I K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006 (000134480) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000134410) 1 - - - - - - - - - - - - - - - - - - - - - M I V V E K M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 39
P. blakesleeanus (CAA55197.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - M A P P K H V I I I G A G A G G T A T A A R L A R E G I K V T V V E K 35
B. trispora (AAO46892.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D Q K K H I V V I G A G I G G T A T A A R L A R E G F R V T V V E K 36
M. circinelloides (EPB83039.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - M S K K H I V I I G A G V G G T A T A A R L A R E G F K V T V V E K 34
X. dendrorhous (AAO53257.1) 1 - - - - - - - - - - - - - - - - - - - - M G K E Q D Q D K P T A I I V G C G I G G I A T A A R L A K E G F Q V T V F E K 40
U. maydis (XP_011390692.1 ) 1 M A T R M S A P G D T K P I L R P S S T C S S P T K R S S K K V V I I G A G A G G T A L A A R L G R R G Y S V T V L E K 60
F. fujikuroi (CAD19989.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D I K K S V I V I G A G V G G V S T A A R L A K A G F K V T I L E K 36
N. crassa (AAA33555.1) 1 - - - - - - - - - - - - - - - - - - - - - - M A E T Q R P R S A I I V G A G A G G I A V A A R L A K A G V D V T V L E K 38
R. sphaeroides (AAB31138.1) 1 - - - - - - - - - - - - - - - - - - - M P S I S P A S D A D R A L V I G S G L G G L A A A M R L G A K GW R V T V I D K 41
P. ananatis (BAA14127.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - M K P T T V I G A G F G G L A L A I R L Q A A G I P V L L L E Q 32
T. urticae (tetur01g11270) 41 N D F S G G R C S L I R Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I N - D H L E L L K C P I N Y R V Y 98
T. evansi (c7787) 41 N E F S G G R C S L I K Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I K - D H L E L L K C P I N Y R V Y 98
P. citri (contig_2090) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
P. ulmi (contig_03118) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
M. destructor (Mdes009995) 37 N A F S G G R L S L I H K N - G H R F D Q G P S L Y L M P K L F E E T F N D L G E K M S - D H L D L V K C P S N Y M V H 94
M. destructor (Mdes003797) 39 N G Y S G G R L S L I E Q N - G F R F D Q G P S L Y L M P N L F A E T F T D L G E K I G - D H L D L L Q C E T N Y S I Y 96
A. pisum (XP_001943225.2) 34 N S Y N G G R C S I I R H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D I K - D H I E I L Q C K I N Y Y I N 91
A. pisum (XP_001946689.2) 34 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E I F E D L G E D I K - N H I D L L K C P S N Y S V H 91
A. pisum (XP_001950764.1) 34 N A Y N G G R C S L I Q H K - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 91
M. persicae G006 (000134350) 34 N S Y N G G R C S I I N H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D L K - D H V E I L Q C Q I N Y C I N 91
M. persicae G006 (000134430) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006  (000203460) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S F Y L M P K I F D E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006 (000134480) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T L E D L G E D I K - N H I E L L K C S T N Y N V H 91
M. persicae G006  (000134410) 40 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 97
P. blakesleeanus (CAA55197.1) 36 N N F G G G R C S L I N H N - G H R F D Q G P S L Y L M P K L F E E A F E A L D E K I E - D H V E L L R C H N N Y K V H 93
B. trispora (AAO46892.1) 37 N D F S G G R C S F I H H D - G H R F D Q G P S L Y L M P K L F E D A F A D L D E R I G - D H L D L L R C D N N Y K V H 94
M. circinelloides (EPB83039.1) 35 N D F G G G R C S L I H H E - G H R F D Q G P S L Y L M P K Y F E D A F A D L D E R I Q - D H L E L L R C D N N Y K V H 92
X. dendrorhous (AAO53257.1) 41 N D Y S G G R C S L I E R D - G Y R F D Q G P S L L L L P D L F K Q T F E D L G E K M E - DW V D L I K C E P N Y V C H 98
U. maydis (XP_011390692.1 ) 61 N S F G G G R C S L I H H D - G H RW D Q G P S L Y L M P E I F E S C F K D L G E D I R - S H I R L H Q C N P A Y R I H 118
F. fujikuroi (CAD19989.2) 37 N D F T G G R C S L I H N D - G H R F D Q G P S L L L L P R F F H E I F Q D L G T S L T A E G V E L L K C E P N Y N I W 95
N. crassa (AAA33555.1) 39 N D F T G G R C S L I H T K A G Y R F D Q G P S L L L L P G L F R E T F E D L G T T L E Q E D V E L L Q C F P N Y N I W 98
R. sphaeroides (AAB31138.1) 42 L D V P G G R G S S I T Q E - G H R F D L G P T I V T V P Q S L R D L W K T C G R D F D - A D V E L K P I D P F Y E V R 99
P. ananatis (BAA14127.1) 33 R D K P G G R A Y V Y E D Q - G F T F D A G P T V I T D P S A I E E L F A L A G K Q L K - E Y V E L L P V T P F Y R L C 90
T. urticae (tetur01g11270) 99 F H D G K L I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M R F L D F L K E S H V H Y E H S V Q M A L K T R F 155
T. evansi (c7787) 99 F H D G Q S I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M S F L D F L K E S H V H Y E H S V Q M A L K T R F 155
P. citri (contig_2090) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
P. ulmi (contig_03118) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
M. destructor (Mdes009995) 95 F H D G D R F E L S C D L A K M Y H Q L K K F E - - - G D S E E T F L R F M D F L K E V H V H Y D R S V T L A L K E N Y 151
M. destructor (Mdes003797) 97 F G D G D R F K L T C N L A N L F E Q I K K Y E - - - G N S E Q T M L R F M D F M K E T H V H Y E R S I A I A L K Q N Y 153
A. pisum (XP_001943225.2) 92 F H D G Q Q F Q H S C N L S K L Q R S L E N F E - - - G E G E E T L L R F F D F L K E T H V H Y R K S I E L A M R T D F 148
A. pisum (XP_001946689.2) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G Y G E S T L I N F L R Y L K E T H V H Y Q R S V K V A L K T D F 148
A. pisum (XP_001950764.1) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S G E S T L I N F L S Y L K E T H V H Y Q R S V K V A L K T D F 148
M. persicae G006 (000134350) 92 F H D G Q Q F Q H S C N L S K L Q R S L E K F E - - - G E G E D T L L R F F D F L K E T H V H Y R R S I E L A M R T D F 148
M. persicae G006 (000134430) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006  (000203460) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006 (000134480) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S D E S T L I N F L S Y L K E T H I H Y Q R G V K V A L K T D F 148
M. persicae G006  (000134410) 98 F H D G E T F E L T T D L S K L S R S L E K Y E - - - G N G E S T L I N F L G Y L K E T H V H Y Q R S V K V A L K T D F 154
P. blakesleeanus (CAA55197.1) 94 F D D G D K I Q L S S D L S R M K P E M E R I E - - - G - - P D G F L R F L D F M K E S H T H Y E G G V E M A I K Q N F 148
B. trispora (AAO46892.1) 95 F D D G D A V Q L S S D L T K M K G E L D R I E - - - G - - P L G F G R F L D F M K E T H V H Y E Q G T F I A I K R N F 149
M. circinelloides (EPB83039.1) 93 F D D G E S I Q L S S D L T R M K A E L D R V E - - - G - - P L G F G R F L D F M K E T H I H Y E S G T L I A L K K N F 147
X. dendrorhous (AAO53257.1) 99 F H D E E T F T L S T D M A L L K R E V E R F E - - - G - - K D G F D R F L S F I Q E A H R H Y E L A V V H V L Q K N F 153
U. maydis (XP_011390692.1 ) 119 F A D G E K M M L S S N L S Q M G E T L N F F E K R A G N K Q D P L T N F L T F L K E A G E N Y E E S I K H V L T K DW 178
F. fujikuroi (CAD19989.2) 96 F G D G S S F E M S T D L T K M K K A I E A V E - - - G - - I D G F E R Y L G F L Q E S H R H Y E V S V E S V L R R N F 150
N. crassa (AAA33555.1) 99 F S D G K R F S P T T D N A T M K V E I E K W E - - - G - - P D G F R R Y L S W L A E G H Q H Y E T S L R H V L H R N F 153
R. sphaeroides (AAB31138.1) 100 W P D G S H F T V R Q S T E A M K A E V A R L S - - - - - - P G D V A G Y E K F L K D S E K R Y W F G Y E D L G R R S M 153
P. ananatis (BAA14127.1) 91 W E S G K V F N Y D N D Q T R L E A Q I Q Q F N - - - - - - P R D V E G Y R Q F L D Y S R A V F K E G Y L K L G T V P F 144
T. urticae (tetur01g11270) 156 A S I W D L F K L K Y I P E L F R - - - M H L Y S T V Y K R A T K Y F K T E H M I K A F T F Q S M Y M G M S P Y D S P G 212
T. evansi (c7787) 156 S S V W D L L S L K Y V P E L F R - - - M H L Y S T V Y K S A T K Y F K S E H M I K A F T F Q S M Y M G M S P Y D S P G 212
P. citri (contig_2090) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
P. ulmi (contig_03118) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
M. destructor (Mdes009995) 152 A NW Y D E F Q L K H I P A L M K - - - L H L W D N V Y N R T K R F F K S D K M R K A F T F Q T M Y I G M S P F D S P A 208
M. destructor (Mdes003797) 154 E HW Y N E F Q L K H V P N V F R - - - L H L W S T V Y G S V Q K F F R T D K M R Q A F S F Q T M Y I G M S P Y D T P A 210
A. pisum (XP_001943225.2) 149 Q NW Y D F F N I K H I P T L L N - - - L H L H S S V Y T R A C K Y F K S D Y M R K A F T F Q T M Y M G M S P Y D G L A 205
A. pisum (XP_001946689.2) 149 Q HW Y D F F N P K F L P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
A. pisum (XP_001950764.1) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134350) 149 Q NW Y D F F N I K H I P T L L K - - - L H L H S S V Y T R A C K Y F K S D H M R K A F T F Q T M Y M G M S P Y D G L A 205
M. persicae G006 (000134430) 149 Q HW Y D F F N P R H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006  (000203460) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L F D T V Y N K V C E Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134480) 149 Q HW Y D L F N P K Y I P D I I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y S G L A 205
M. persicae G006  (000134410) 155 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 211
P. blakesleeanus (CAA55197.1) 149 E T I W K L I R L Q Y V P A L F R - - - L H I F D F V Y S R A A K Y F K T K K M R M A F T F Q S M Y M G M S P Y D S P A 205
B. trispora (AAO46892.1) 150 E T I W D L I R L Q Y V P E I F R - - - L H L F G K I Y D R A S K Y F Q T K K M R M A F T F Q T M Y M G M S P Y D A P A 206
M. circinelloides (EPB83039.1) 148 E S I W D L I R I K Y A P E I F R - - - L H L F G K I Y D R A S K Y F K T K K M R M A F T F Q T M Y M G M S P Y D A P A 204
X. dendrorhous (AAO53257.1) 154 P G F A A F L R L Q F I G Q I L A - - - L H P F E S I W T R V C R Y F K T D R L R R V F S F A V M Y M G Q S P Y S A P G 210
U. maydis (XP_011390692.1 ) 179 S A WW A F F R P E L F P M L W K T K G L R I Y S T L Y D R T T K Y F K S R H V R R A L T F S A M Y M G M S P F D A P A 238
F. fujikuroi (CAD19989.2) 151 P S I L S L A R P E V L F N L F N - - - I H P L E S I W T R A S K Y F W T E R L R R V F T F G S M Y M G M S P F D A P G 207
N. crassa (AAA33555.1) 154 K S I L E L A D P R L V V T L L M A - - L H P F E S I W H R A G R Y F K T D R M Q R V F T F A T M Y M G M S P F D A P A 211
R. sphaeroides (AAB31138.1) 154 H K L W D L I K V - - L P T F G M - - - M R A D R T V Y Q H A A L R V K D E R L R M A L S F H P L F I G G D P F N V T S 208
P. ananatis (BAA14127.1) 145 L S F R D M L R A - - A P Q L A K - - - L Q A W R S V Y S K V A S Y I E D E H L R Q A F S F H S L L V G G N P F A T S S 199
T. urticae (tetur01g11270) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H R V V D K L I E I A S - N K F G V K F N Y S A P V R K I N V - - - - D G N K 267
T. evansi (c7787) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H S V V D K L I E M A S - N K F G V K F N Y S A P V S K M N V - - - - D D H N 267
P. citri (contig_2090) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V D K I N V V K G E N G K Q 275
P. ulmi (contig_03118) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V E K I N V I K G E N G K Q 275
M. destructor (Mdes009995) 209 P Y N L L Q Y T E I A E G I W Y P L G G F H K V V E Q L E K M A S - K K F D A K F I F N T G I E K I I I - - - - - D N D 262
M. destructor (Mdes003797) 211 L F N L L Q Y T E M A D G V W Y P R G G F H K V V E A L E N I A T - K K F G V E F K Y N V N V N K I I V - - - - D E K R 265
A. pisum (XP_001943225.2) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D E N G 259
A. pisum (XP_001946689.2) 206 A Y S L L Q Y T E I A E G I W Y P K G G F H K V L E S L E N I A V - - Q H G A K F N Y N A D V Q E I I V - - - - D D K G 259
A. pisum (XP_001950764.1) 206 P Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q S L E Q I A V - - Q Y G A K F N Y K T N V Q E I I V - - - - D D K G 259
M. persicae G006 (000134350) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D D N G 259
M. persicae G006 (000134430) 206 L Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q C L E K I A V - - Q Y G A K F N Y N A Y V E K I I V - - - - D D K G 259
M. persicae G006  (000203460) 206 L Y S L L Q Y S E L T E G I W Y P K G G Y N K V L Q C L E K I A V - - Q Y G A K F N Y N A D V E K I I V - - - - D D K G 259
M. persicae G006 (000134480) 206 A Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E N I A V - - K H G A K F H Y N A D V Q K I I V - - - - D D K G 259
M. persicae G006  (000134410) 212 P Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E K I A V - - Q Y G A K F N Y N T D V Q E I I V - - - - D D K G 265
P. blakesleeanus (CAA55197.1) 206 V Y N L L Q Y T E F A E G I W Y P K G G F N T V I Q K L E N I A T - E K F G A R F I Y E A P V A K I N T - - - D D K G K 261
B. trispora (AAO46892.1) 207 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E S I A S - K K Y G A E F R Y Q S P V A K I N T - - - V D K D K 262
M. circinelloides (EPB83039.1) 205 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E M I A K - T K Y G A D F I Y N A P V A K I N T - - - N D T T K 260
X. dendrorhous (AAO53257.1) 211 T Y S L L Q Y T E L T E G I W Y P R G G F W Q V P N T L L Q I V K R N N P S A K F N F N A P V S Q V L L - - - S P A K D 267
U. maydis (XP_011390692.1 ) 239 T Y S L L Q Y A E Y A K G I W Y P I G G F Y K V V E A I E T I A R - D K F A V D F R Y E T N V K R I V I - - - D E R K G 294
F. fujikuroi (CAD19989.2) 208 T Y S L L Q Y T E L A E G I L Y P R G G F H K V V E A L V N V G Q - - R L G V E Y R L S T G V K S I S I - - - D Q A T G 262
N. crassa (AAA33555.1) 212 T Y S L L Q Y S E L A E G I W Y P R G G F H K V L D A L V K I G E - - R M G V K Y R L N T G V S Q V L T D G G K N G K K 269
R. sphaeroides (AAB31138.1) 209 M Y I L V S Q L E K E F G V H Y A I G G V A A I A A A M A K V I E - - G Q G G S F R M N T E V D E I L V - - - - - E K G 261
P. ananatis (BAA14127.1) 200 I Y T L I H A L E R E W G V W F P R G G T G A L V Q G M I K L F Q - - D L G G E V V L N A R V S H M E T - - - - - T G N 252
T. urticae (tetur01g11270) 267 - K V T G I T L E S G E V V D A D F V V C N A D L V F A Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - T S Y 304
T. evansi (c7787) 267 - K V T G M T L E S G E V V D A D F V V C N A D L V F A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T S Y 304
P. citri (contig_2090) 275 - K V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
P. ulmi (contig_03118) 275 - T V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
M. destructor (Mdes009995) 262 - V A K G V Q L E N G D M K Y A D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T P Y 299
M. destructor (Mdes003797) 265 - V A K G V R F D D G S M D Y A D I V V C N A D L I Y A Y N H L L - - - P - - - - - - - - - - - - - - G - - - - - T A Y 302
A. pisum (XP_001943225.2) 259 - V A K G I K L Q N G N V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001946689.2) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001950764.1) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134350) 259 - V A K G I K L M N G D V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S F 296
M. persicae G006 (000134430) 259 - V A K G I K L V N G D V V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000203460) 259 - V A K G I K L V N G D I V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134480) 259 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000134410) 265 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 302
P. blakesleeanus (CAA55197.1) 261 - K V T G V T L Q S G E V I E A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 298
B. trispora (AAO46892.1) 262 - R V T G V T L E S G E V I E A D A V V C N A D L V Y A Y H H L L - - - P - - - - - - - - - - - - - - P - - - - - C N W 299
M. circinelloides (EPB83039.1) 260 - Q V T G V T L E N G Q I I D A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 297
X. dendrorhous (AAO53257.1) 267 - R A T G V R L E S G E E H H A D V V I V N A D L V Y A S E H L I - - - P D D A R N K I G Q L G E V K R - - - - - S WW 318
U. maydis (XP_011390692.1 ) 294 - A A K G V E L D S G E V L Q A D V V V S N A D L V W T Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - S S Y 331
F. fujikuroi (CAD19989.2) 262 - K A N G V V L S D G T H L P S D I V I S N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 299
N. crassa (AAA33555.1) 270 P K A T G V Q L E N G E V L N A D L V V V N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K E I G G I K K Y 312
R. sphaeroides (AAB31138.1) 261 - T A T G V R L A S G E V L R A G L V V S N A D A G H T Y M R L L R N H P - - - - - - - - - - - - - - R - - - - - R R W 301
P. ananatis (BAA14127.1) 252 - K I E A V H L E D G R R F L T Q A V A S N A D V V H T Y R D L L S Q H P - - - - - - - - - - - - - - A - - - - - A V K 292
T. urticae (tetur01g11270) 305 G T K - L G S K - D H T S S S I S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P T 357
T. evansi (c7787) 305 G T K - L G L K - D H T S S S M S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P S 357
P. citri (contig_2090) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
P. ulmi (contig_03118) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
M. destructor (Mdes009995) 300 G K H - L G E T G A L T A S T M S F Y W G - - - L S Q K I P A H Q L D T H N I F L A N D Y K S S F D D I F K S H S L P D 355
M. destructor (Mdes003797) 303 A K K - L S K S A A L T S S S I S F Y W G - - - L K C Q V P - - E L D V H N V F L A N D Y K A S Y D N V F K R H I L S E 356
A. pisum (XP_001943225.2) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E Q Y K P S F D Q I F E D H S L P D 349
A. pisum (XP_001946689.2) 297 A D K - L G K K - E L T S S S I S F Y W S - - - M K T I V S - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
A. pisum (XP_001950764.1) 297 A N K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
M. persicae G006 (000134350) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E L Y K P S F D Q I F E D H T L P D 349
M. persicae G006 (000134430) 297 A V K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N V H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006  (000203460) 297 A E K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N I H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006 (000134480) 297 A K K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K E H N I F L A E K Y K Q S F D Q I F K D H T L P D 349
M. persicae G006  (000134410) 303 A E K - L G K K - E L T S S S I S F Y W S - - - M K T V V S - - E L K V H N I F L A E K Y K Q S F D Q I F K D H T L P D 355
P. blakesleeanus (CAA55197.1) 299 T T N T L A E K - K L T S S S I S F Y W S - - - L K R V V P - - E L D V H N I F L A E A F K E S F D E I F T D H K M P S 352
B. trispora (AAO46892.1) 300 T K K T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y K E S F D E I F N D F G L P S 353
M. circinelloides (EPB83039.1) 298 T Q N T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y Q E S F D E I F K D F G L P S 351
X. dendrorhous (AAO53257.1) 319 A D L V G G K K L K G S C S S L S F Y W S - - - M D R I V D - - G L G G H N I F L A E D F K G S F D T I F E E L G L P A 373
U. maydis (XP_011390692.1 ) 332 A T R - L K S K - D Q T C S S I S F Y W A - - - L S S V V E - - E L G G H N I F L A D A Y Q E S F D E I F R D G D T P S 384
F. fujikuroi (CAD19989.2) 300 A D S - L S K R - E T S C S S I S F Y W S - - - A S K I V P - - E L N A H N I F L A D E Y Q E S F D S I F K E H L I P S 352
N. crassa (AAA33555.1) 313 A N K - L N N R - K A S C S S I S F Y W S - - - L S G M A K - - E L E T H N I F L A E E Y K E S F D A I F E R Q A L P D 365
R. sphaeroides (AAB31138.1) 302 T D A H V K S R - RW S M G L F V W Y F G T K G T K G MW P - - D V G H H T I V N A P R Y K G L V E D I F L K G K L A K 358
P. ananatis (BAA14127.1) 293 Q S N K L Q T K - R M S N S L F V L Y F G - - - L N H H H D - - Q L A H H T V C F G P R Y R E L I D E I F N H D G L A E 346
T. urticae (tetur01g11270) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G C M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
T. evansi (c7787) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G Y M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
P. citri (contig_2090) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
P. ulmi (contig_03118) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
M. destructor (Mdes009995) 356 D P S F Y V N V P S R I D P T A A P D G K E T L V V L V P V S H I M P N N - - - - - - - - - - - - - - - - - - E N R I D 397
M. destructor (Mdes003797) 357 D P F F Y V N V P S R I D S T A A P D G K D S V V V L L P V S H L S P N N - - - - - - - - - - - - - - - - - - V D C M D 398
A. pisum (XP_001943225.2) 350 E P S F Y V N V P S H I D P T A A P E G K D T F V I L V P V G H I S D R T - - - - - - - - - - - - - - - - - - D I D F D 391
A. pisum (XP_001946689.2)) 350 E P S F Y V N V P S R I D P T A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
A. pisum (XP_001950764.1) 350 E P S F Y V N V P S R I D P S A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134350) 350 E P S F Y V N V P S H I D P S A A P E G K D T F V I L V P V G H I S D R P - - - - - - - - - - - - - - - - - - D I D F D 391
M. persicae G006 (000134430) 350 D P S F Y V N V P S R I D P T A A P E G K D S I I V L V P V G H L S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000203460) 350 D P S F Y V N V P S R I D P T A A P E G K D S I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134480) 350 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I T N V S - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000134410) 356 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 397
P. blakesleeanus (CAA55197.1) 353 E L S F Y V N L P S R I D P T A A P P G K D S M I V L V P I G H M K S K T - - - - - - - - - - - - - - - - N E A E D Y T 396
B. trispora (AAO46892.1) 354 E A S F Y V N V P S R I D E S A A P P N K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G N S A E E N Y P 399
M. circinelloides (EPB83039.1) 352 E A S F Y V N V P S R I D P S A A P D G K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G D A T T E N Y P 397
X. dendrorhous (AAO53257.1) 374 D P S F Y V N V P S R I D P S A A P E G K D A I V I L V P C G H I D A S N - - - - - - - - - - - - - - - - - - P Q D Y N 415
U. maydis (XP_011390692.1 ) 385 E P S F Y V N V P S R L D A S A A P A G K D T L V I L V P C G P I S I P E - - - - - - K P C A D P A K G A R T R D Q F A 438
F. fujikuroi (CAD19989.2) 353 E P S F Y V N V P S R I D P S A A P E G K D S I V V L V P V G H L L S D S E G T H R G L S K S G N S G G L E T S Q DW D 412
N. crassa (AAA33555.1) 366 D P S F Y I H V P S R V D P S A A P P D R D A V I A L V P V G H L L Q N G - - - - - - - - - - - - - - - - Q P E L DW P 409
R. sphaeroides (AAB31138.1) 359 D M S L Y I H R P S I T D P T V A P E G D D T F Y A L S P V P H L K Q A Q - - - - - - - - - - - - - - - - - - P V DW Q 400
P. ananatis (BAA14127.1) 347 D F S L Y L H A P C V T D S S L A P E G C G S Y Y V L A P V P H L G T A N - - - - - - - - - - - - - - - - - - - L DW T 387
T. urticae (tetur01g11270) 400 G L V A R A R A Q V I E T I E K Q M G F E S F E S Y I E T E I V N D P R T W K E K F N L W N G S I L G L T H S I P Q V L 459
T. evansi (c7787) 400 A L V A K A R A Q V I E T I E T Q M N I K S F E S Y I E T E I V N D P R T W K D K F N L W N G S I L G L T H S I P Q V L 459
P. citri (contig_2090) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
P. ulmi (contig_03118) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
M. destructor (Mdes009995) 398 E L I K F A R S K V I Q T L E N R L K M D K F E E L I E T E T I N D P R T W Q N K F N L W K G S A L G L S H N M M Q V L 457
M. destructor (Mdes003797) 399 E W I K I A R D R L I R I I E D R L H I E N L E S L I E Y E M M N D P S T W E T K F N L W K G S I L G M S H N I P Q V L 458
A. pisum (XP_001943225.2) 392 D L V K R A R E H V I N S I E K R L K I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q V A 451
A. pisum (XP_001946689.2) 392 Q H V K T A R E H V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N N F N L W K G S I L G L S H S L F Q V L 451
A. pisum (XP_001950764.1) 392 K L V E R A R E Q V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006 (000134350) 392 H L V N R A R E H V I G A I E K R L N I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q I A 451
M. persicae G006 (000134430) 392 R L V N R A R E Q V I D T L E K R L K I S N F R S M I D H E K V N D P R S W Q K E F N L W K G S I L G L S H T F L Q V V 451
M. persicae G006  (000203460) 392 Q L V E R A R E K V I D T L E K R L K I S N F R S L I D H E I V N D P R T W E N E F N L W K G S I L G L A H T F L Q V V 451
M. persicae G006 (000134480) 392 Q L V K K A R E N V I D T M E K R L K I S N F R N L I D H E I V N D P R T W Q N K F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006  (000134410) 398 Q L V K R A R E Q V I D T I E K R L K I S N F R S L I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 457
P. blakesleeanus (CAA55197.1) 397 M I V K R A R K M V L E V L E R R L G L T N F I D L V E H E E V N D P S I W Q K K F N L W R G S I L G L S H D V L Q V L 456
B. trispora (AAO46892.1) 400 E L V N R A R K M V L E V I E R R L G V N N F A N L I E H E E V N D P S V W Q S K F N L W R G S I L G L S H D V F Q V L 459
M. circinelloides (EPB83039.1) 398 A M V N R A R K M V L E V I E R R L D M S N F A D L I E H E Q V N D P A V W Q S K F N L W R G S I L G L S H D V L Q V L 457
X. dendrorhous (AAO53257.1) 416 K L V A R A R K F V I H T L S A K L G L P D F E K M I V A E K V H D A P S W E K E F N L K D G S I L G L A H N F M Q V L 475
U. maydis (XP_011390692.1 ) 439 A T V Q R A R T Q V I A T L S K R L N R P D F E S L I Q H E I V N D P F DW A D K F N L F R G S I L G L S H T I P Q V L 498
F. fujikuroi (CAD19989.2) 413 K M I S L A R D T V I A T M R A R I G V - D L A P L I E N E I I N T P F T W Q E K F N L D K G A I L G L S H S I M N V L 471
N. crassa (AAA33555.1) 410 T L V S K A R A G V L A T I Q A R T G L - S L S P L I T E E I V N T P Y T W E T K F N L S K G A I L G L A H D F F N V L 468
R. sphaeroides (AAB31138.1) 401 A V A E P Y R E S V L E V L E Q S - - M P G I G E R I G P S L V F T P E T F R D R Y L S P W G A G F S I E P R I L Q S A 458
P. ananatis (BAA14127.1) 388 V E G P K L R D R I F A Y L E Q H Y - M P G L R S Q L V T H R M F T P F D F R D Q L N A Y H G S A F S V E P V L T Q S A 446
T. urticae (tetur01g11270) 460 C F R P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
T. evansi (c7787) 460 C F S P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
P. citri (contig_2090) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N T T N Q S N 525
P. ulmi (contig_03118) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N P T N Q S N 525
M. destructor (Mdes009995) 458 H F R P S T R S H L - - F K N L Y F V G A S A H P G T G V P I V L C G A K L V E K Q M M E D T G - - - - - - - - M I E R 507
M. destructor (Mdes003797) 459 H Y R P S I R C N E - - F K N L Y F V G A N A H P G T G V P V I L C G A K L V E Q Q I L K D Y G - - - - - - - - F I E R 508
A. pisum (XP_001943225.2) 452 Y F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
A. pisum (XP_001946689.2) 452 W F R P S M K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G T K L L E K Q L C D R F L - - - - - - - - - - - D 498
A. pisum (XP_001950764.1) 452 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 498
M. persicae G006 (000134350) 452 Y F R P S L K C K I - - F D N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
M. persicae G006 (000134430) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - G 498
M. persicae G006  (000203460) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - E 498
M. persicae G006 (000134480) 452 W F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G A K L L E K Q L C D R F S - - - - - - - - - - - E 498
M. persicae G006  (000134410) 458 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 504
P. blakesleeanus (CAA55197.1) 457 W F R P S T Q D S T G R Y K N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C D H F G V K V R P S A I T S S K 516
B. trispora (AAO46892.1) 460 W F R P S T K D S T N R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C K S F G Q N P L P R K L Q D S Q 519
M. circinelloides (EPB83039.1) 458 W F R P S T K D S T G R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V V R S F G K S P K P R K I E I E N 517
X. dendrorhous (AAO53257.1) 476 G F R P S T R H P K - - Y D K L F F V G A S T H P G T G V P I V L A G A K L T A N Q V L E S F D R S P A P D P N M S L S 533
U. maydis (XP_011390692.1 ) 499 W F R P S I Q H A K - - Y N N L F F V G A S T Q P G T G V P V V V A G S G V V A H R V T A F L E - - - - - - - - - - - G 545
F. fujikuroi (CAD19989.2) 472 A F R P G T Q H S K - - Y K N L Y F A G A S T H P G T G V P V C I A G S K I V A E Q I L K D S G F K N N Q I P W A Q D T 529
N. crassa (AAA33555.1) 469 A F R P R T K A Q G - - M D N A Y F V G A S T H P G T G V P I V L A G A K I T A E Q I L E E T F P K N T K V P W T T N E 526
R. sphaeroides (AAB31138.1) 459 W F R P H N I S E E - - V A N L F L V G A G T H P G A G V P G V I G S A E V M A K L A P D A P - - - - - - - - - - - - R 504
P. ananatis (BAA14127.1) 447 W F R P H N R D K T - - I T N L Y L V G A G T H P G A G I P G V I G S A K A T A G L M L E D L I - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T E K F S F D F I G I F I P L V L 527
T. evansi (c7787) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S E K F S F D F I G V F I P L I L 527
P. citri (contig_2090) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P V L L 546
P. ulmi (contig_03118) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P I L L 546
M. destructor (Mdes009995) 508 T D V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T T V F F Q Y F M L V V A I F L - 527
M. destructor (Mdes003797) 509 G H E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L I I I L Q Y F L F G I V L M I D 529
A. pisum (XP_001943225.2) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M N T W S K - Y V S F L I G L L V 518
A. pisum (XP_001946689.2) 499 S K V T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K S S W S M - C V S F L I G I I V 518
A. pisum (XP_001950764.1) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 518
M. persicae G006 (000134350) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T N I W S K - Y V S F L I G L L A 518
M. persicae G006 (000134430) 499 S K V Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L W S N V R E L A T Q - - - - 515
M. persicae G006  (000203460) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L F S K - F I T F L I G L L A 518
M. persicae G006 (000134480) 499 N T V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L K S Y S K - S F S L L I S I L A 518
M. persicae G006  (000134410) 505 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 524
P. blakesleeanus (CAA55197.1) 517 R T Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E D S K S F I W D I I W F L L I A L F A A 542
B. trispora (AAO46892.1) 520 K K Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E Q T R K T E S HW I Y Y C L A C Y - 542
M. circinelloides (EPB83039.1) 518 K Q A P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L E Q D V A I G F S L G MW L R I A F L - V 542
X. dendrorhous (AAO53257.1) 534 V P Y G - - - - - - - - - - - - - - - - - - - - - - - K P L K S N G T G I D S Q V Q L K F M D L E RW V Y L L V L L I G 570
U. maydis (XP_011390692.1 ) 546 R E K G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - W L S W E A I R G S I F L A L L A 566
F. fujikuroi (CAD19989.2) 530 T K S P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K G G L D K M S D S S L T L F Q G 550
N. crassa (AAA33555.1) 527 E R N S E R M R K E M D E K I T E E G I I M R S N S S K P G R R G S D A F E G A M E V V N L L S Q R A F P L L V A L M G 586
R. sphaeroides (AAB31138.1) 505 A R R E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A E P A E R L A A E - - - - - - - 518
P. ananatis (BAA14127.1) 492 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 527 - - - - - - - - L L L F Y F V F G N K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
T. evansi (c7787) 527 - - - - - - - - L L L F Y F F F G S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
P. citri (contig_2090) 546 - - - - - - - - L L I F Y Y F F A S S NW I D - - - - - - - - - - - - - - - - - - - - - - - - - - 561
P. ulmi (contig_03118) 546 - - - - - - - - L L I F Y Y F F A S S NW I D D F S Q L T N - - - - - - - - - - - - - - - - - - - 568
M. destructor (Mdes009995) 527 - - - - - - - F I H L F L Q L F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 536
M. destructor (Mdes003797) 530 T K I V K V T K I V I L N K M Y N T L D V G S N S N I Q - - - - - - - - - - - - - - - - - - - - - 557
A. pisum (XP_001943225.2) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
A. pisum (XP_001946689.2) 518 - - - - - - - - L L I F C T L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 525
A. pisum (XP_001950764.1) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134350) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134430) 515 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 515
M. persicae G006  (000203460) 518 - - - - - - - - L L V A W V S S I F H K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 530
M. persicae G006 (000134480) 518 - - - - - - - - I L F F C F V S E F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006  (000134410) 524 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 534
P. blakesleeanus (CAA55197.1) 542 - - - - - - - - T L V L F I A F P Q Y S E V N Q T A A S Y I N N L L P A A F R V P V A N L S L T S 583
B. trispora (AAO46892.1) 542 - - - - - - - - F V T F L F F Y F F P R D D T T T P A S F I N Q L L P N V F Q V Q N S N D I R I - 582
M. circinelloides (EPB83039.1) 542 - - - - - - - - V F M F F Y F F P Q - - S N G Q T P A S F I N N L L P D V F R V H N S N V I - - - 578
X. dendrorhous (AAO53257.1) 571 A V I A R S V G V L A F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 582
U. maydis (XP_011390692.1 ) 567 M V G V M F A G F A A A F I L L G L V I A V S V H L L G F A D V P G L V R G K V M L E - - - - - - 609
F. fujikuroi (CAD19989.2) 551 F L G A L V A I L L A Y Y Y L V I A A N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 570
N. crassa (AAA33555.1) 586 - - - - - - - - V L Y F L L F V R - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 595
R. sphaeroides (AAB31138.1) 518 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 518
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Appendix 4-G: Continues on next page   
T. urticae (tetur01g11270) 1 - - - - - - - - - - - - - - - - - - - - M N G N S S S S A K R A I V I G A G V G G S A V A A R L G K L G F D V T V Y E K 40
T. evansi (c7787) 1 - - - - - - - - - - - - - - - - - - - - M N G N S N S S S K S A I V I G A G V G G S A I A A R L G K L G F D V T V Y E K 40
P. citri (contig_2090) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
P. ulmi (contig_03118) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
M. destructor (Mdes009995) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S S T R K S V I I V G C G I G G V A C G A S L A R Q G F D V T V Y E K 36
M. destructor (Mdes003797) 1 - - - - - - - - - - - - - - - - - - - - - - M M K V N R T K S V M I V G C G I G G V A L A A R L A R N G F D V K V Y E K 38
A. pisum (XP_001943225.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
A. pisum (XP_001946689.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
A. pisum (XP_001950764.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K R G F Q V E V F E K 33
M. persicae G006 (000134350) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
M. persicae G006 (000134430) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000203460) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V I K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006 (000134480) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000134410) 1 - - - - - - - - - - - - - - - - - - - - - M I V V E K M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 39
P. blakesleeanus (CAA55197.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - M A P P K H V I I I G A G A G G T A T A A R L A R E G I K V T V V E K 35
B. trispora (AAO46892.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D Q K K H I V V I G A G I G G T A T A A R L A R E G F R V T V V E K 36
M. circinelloides (EPB83039.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - M S K K H I V I I G A G V G G T A T A A R L A R E G F K V T V V E K 34
X. dendrorhous (AAO53257.1) 1 - - - - - - - - - - - - - - - - - - - - M G K E Q D Q D K P T A I I V G C G I G G I A T A A R L A K E G F Q V T V F E K 40
U. maydis (XP_011390692.1 ) 1 M A T R M S A P G D T K P I L R P S S T C S S P T K R S S K K V V I I G A G A G G T A L A A R L G R R G Y S V T V L E K 60
F. fujikuroi (CAD19989.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D I K K S V I V I G A G V G G V S T A A R L A K A G F K V T I L E K 36
N. crassa (AAA33555.1) 1 - - - - - - - - - - - - - - - - - - - - - - M A E T Q R P R S A I I V G A G A G G I A V A A R L A K A G V D V T V L E K 38
R. sphaeroides (AAB31138.1) 1 - - - - - - - - - - - - - - - - - - - M P S I S P A S D A D R A L V I G S G L G G L A A A M R L G A K GW R V T V I D K 41
P. ananatis (BAA14127.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - M K P T T V I G A G F G G L A L A I R L Q A A G I P V L L L E Q 32
T. urticae (tetur01g11270) 41 N D F S G G R C S L I R Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I N - D H L E L L K C P I N Y R V Y 98
T. evansi (c7787) 41 N E F S G G R C S L I K Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I K - D H L E L L K C P I N Y R V Y 98
P. citri (contig_2090) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
P. ulmi (contig_03118) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
M. destructor (Mdes009995) 37 N A F S G G R L S L I H K N - G H R F D Q G P S L Y L M P K L F E E T F N D L G E K M S - D H L D L V K C P S N Y M V H 94
M. destructor (Mdes003797) 39 N G Y S G G R L S L I E Q N - G F R F D Q G P S L Y L M P N L F A E T F T D L G E K I G - D H L D L L Q C E T N Y S I Y 96
A. pisum (XP_001943225.2) 34 N S Y N G G R C S I I R H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D I K - D H I E I L Q C K I N Y Y I N 91
A. pisum (XP_001946689.2) 34 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E I F E D L G E D I K - N H I D L L K C P S N Y S V H 91
A. pisum (XP_001950764.1) 34 N A Y N G G R C S L I Q H K - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 91
M. persicae G006 (000134350) 34 N S Y N G G R C S I I N H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D L K - D H V E I L Q C Q I N Y C I N 91
M. persicae G006 (000134430) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006  (000203460) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S F Y L M P K I F D E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006 (000134480) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T L E D L G E D I K - N H I E L L K C S T N Y N V H 91
M. persicae G006  (000134410) 40 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 97
P. blakesleeanus (CAA55197.1) 36 N N F G G G R C S L I N H N - G H R F D Q G P S L Y L M P K L F E E A F E A L D E K I E - D H V E L L R C H N N Y K V H 93
B. trispora (AAO46892.1) 37 N D F S G G R C S F I H H D - G H R F D Q G P S L Y L M P K L F E D A F A D L D E R I G - D H L D L L R C D N N Y K V H 94
M. circinelloides (EPB83039.1) 35 N D F G G G R C S L I H H E - G H R F D Q G P S L Y L M P K Y F E D A F A D L D E R I Q - D H L E L L R C D N N Y K V H 92
X. dendrorhous (AAO53257.1) 41 N D Y S G G R C S L I E R D - G Y R F D Q G P S L L L L P D L F K Q T F E D L G E K M E - DW V D L I K C E P N Y V C H 98
U. maydis (XP_011390692.1 ) 61 N S F G G G R C S L I H H D - G H RW D Q G P S L Y L M P E I F E S C F K D L G E D I R - S H I R L H Q C N P A Y R I H 118
F. fujikuroi (CAD19989.2) 37 N D F T G G R C S L I H N D - G H R F D Q G P S L L L L P R F F H E I F Q D L G T S L T A E G V E L L K C E P N Y N I W 95
N. crassa (AAA33555.1) 39 N D F T G G R C S L I H T K A G Y R F D Q G P S L L L L P G L F R E T F E D L G T T L E Q E D V E L L Q C F P N Y N I W 98
R. sphaeroides (AAB31138.1) 42 L D V P G G R G S S I T Q E - G H R F D L G P T I V T V P Q S L R D L W K T C G R D F D - A D V E L K P I D P F Y E V R 99
P. ananatis (BAA14127.1) 33 R D K P G G R A Y V Y E D Q - G F T F D A G P T V I T D P S A I E E L F A L A G K Q L K - E Y V E L L P V T P F Y R L C 90
T. urticae (tetur01g11270) 99 F H D G K L I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M R F L D F L K E S H V H Y E H S V Q M A L K T R F 155
T. evansi (c7787) 99 F H D G Q S I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M S F L D F L K E S H V H Y E H S V Q M A L K T R F 155
P. citri (contig_2090) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
P. ulmi (contig_03118) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
M. destructor (Mdes009995) 95 F H D G D R F E L S C D L A K M Y H Q L K K F E - - - G D S E E T F L R F M D F L K E V H V H Y D R S V T L A L K E N Y 151
M. destructor (Mdes003797) 97 F G D G D R F K L T C N L A N L F E Q I K K Y E - - - G N S E Q T M L R F M D F M K E T H V H Y E R S I A I A L K Q N Y 153
A. pisum (XP_001943225.2) 92 F H D G Q Q F Q H S C N L S K L Q R S L E N F E - - - G E G E E T L L R F F D F L K E T H V H Y R K S I E L A M R T D F 148
A. pisum (XP_001946689.2) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G Y G E S T L I N F L R Y L K E T H V H Y Q R S V K V A L K T D F 148
A. pisum (XP_001950764.1) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S G E S T L I N F L S Y L K E T H V H Y Q R S V K V A L K T D F 148
M. persicae G006 (000134350) 92 F H D G Q Q F Q H S C N L S K L Q R S L E K F E - - - G E G E D T L L R F F D F L K E T H V H Y R R S I E L A M R T D F 148
M. persicae G006 (000134430) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006  (000203460) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006 (000134480) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S D E S T L I N F L S Y L K E T H I H Y Q R G V K V A L K T D F 148
M. persicae G006  (000134410) 98 F H D G E T F E L T T D L S K L S R S L E K Y E - - - G N G E S T L I N F L G Y L K E T H V H Y Q R S V K V A L K T D F 154
P. blakesleeanus (CAA55197.1) 94 F D D G D K I Q L S S D L S R M K P E M E R I E - - - G - - P D G F L R F L D F M K E S H T H Y E G G V E M A I K Q N F 148
B. trispora (AAO46892.1) 95 F D D G D A V Q L S S D L T K M K G E L D R I E - - - G - - P L G F G R F L D F M K E T H V H Y E Q G T F I A I K R N F 149
M. circinelloides (EPB83039.1) 93 F D D G E S I Q L S S D L T R M K A E L D R V E - - - G - - P L G F G R F L D F M K E T H I H Y E S G T L I A L K K N F 147
X. dendrorhous (AAO53257.1) 99 F H D E E T F T L S T D M A L L K R E V E R F E - - - G - - K D G F D R F L S F I Q E A H R H Y E L A V V H V L Q K N F 153
U. maydis (XP_011390692.1 ) 119 F A D G E K M M L S S N L S Q M G E T L N F F E K R A G N K Q D P L T N F L T F L K E A G E N Y E E S I K H V L T K DW 178
F. fujikuroi (CAD19989.2) 96 F G D G S S F E M S T D L T K M K K A I E A V E - - - G - - I D G F E R Y L G F L Q E S H R H Y E V S V E S V L R R N F 150
N. crassa (AAA33555.1) 99 F S D G K R F S P T T D N A T M K V E I E K W E - - - G - - P D G F R R Y L S W L A E G H Q H Y E T S L R H V L H R N F 153
R. sphaeroides (AAB31138.1) 100 W P D G S H F T V R Q S T E A M K A E V A R L S - - - - - - P G D V A G Y E K F L K D S E K R Y W F G Y E D L G R R S M 153
P. ananatis (BAA14127.1) 91 W E S G K V F N Y D N D Q T R L E A Q I Q Q F N - - - - - - P R D V E G Y R Q F L D Y S R A V F K E G Y L K L G T V P F 144
T. urticae (tetur01g11270) 156 A S I W D L F K L K Y I P E L F R - - - M H L Y S T V Y K R A T K Y F K T E H M I K A F T F Q S M Y M G M S P Y D S P G 212
T. evansi (c7787) 156 S S V W D L L S L K Y V P E L F R - - - M H L Y S T V Y K S A T K Y F K S E H M I K A F T F Q S M Y M G M S P Y D S P G 212
P. citri (contig_2090) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
P. ulmi (contig_03118) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
M. destructor (Mdes009995) 152 A NW Y D E F Q L K H I P A L M K - - - L H L W D N V Y N R T K R F F K S D K M R K A F T F Q T M Y I G M S P F D S P A 208
M. destructor (Mdes003797) 154 E HW Y N E F Q L K H V P N V F R - - - L H L W S T V Y G S V Q K F F R T D K M R Q A F S F Q T M Y I G M S P Y D T P A 210
A. pisum (XP_001943225.2) 149 Q NW Y D F F N I K H I P T L L N - - - L H L H S S V Y T R A C K Y F K S D Y M R K A F T F Q T M Y M G M S P Y D G L A 205
A. pisum (XP_001946689.2) 149 Q HW Y D F F N P K F L P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
A. pisum (XP_001950764.1) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134350) 149 Q NW Y D F F N I K H I P T L L K - - - L H L H S S V Y T R A C K Y F K S D H M R K A F T F Q T M Y M G M S P Y D G L A 205
M. persicae G006 (000134430) 149 Q HW Y D F F N P R H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006  (000203460) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L F D T V Y N K V C E Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134480) 149 Q HW Y D L F N P K Y I P D I I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y S G L A 205
M. persicae G006  (000134410) 155 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 211
P. blakesleeanus (CAA55197.1) 149 E T I W K L I R L Q Y V P A L F R - - - L H I F D F V Y S R A A K Y F K T K K M R M A F T F Q S M Y M G M S P Y D S P A 205
B. trispora (AAO46892.1) 150 E T I W D L I R L Q Y V P E I F R - - - L H L F G K I Y D R A S K Y F Q T K K M R M A F T F Q T M Y M G M S P Y D A P A 206
M. circinelloides (EPB83039.1) 148 E S I W D L I R I K Y A P E I F R - - - L H L F G K I Y D R A S K Y F K T K K M R M A F T F Q T M Y M G M S P Y D A P A 204
X. dendrorhous (AAO53257.1) 154 P G F A A F L R L Q F I G Q I L A - - - L H P F E S I W T R V C R Y F K T D R L R R V F S F A V M Y M G Q S P Y S A P G 210
U. maydis (XP_011390692.1 ) 179 S A WW A F F R P E L F P M L W K T K G L R I Y S T L Y D R T T K Y F K S R H V R R A L T F S A M Y M G M S P F D A P A 238
F. fujikuroi (CAD19989.2) 151 P S I L S L A R P E V L F N L F N - - - I H P L E S I W T R A S K Y F W T E R L R R V F T F G S M Y M G M S P F D A P G 207
N. crassa (AAA33555.1) 154 K S I L E L A D P R L V V T L L M A - - L H P F E S I W H R A G R Y F K T D R M Q R V F T F A T M Y M G M S P F D A P A 211
R. sphaeroides (AAB31138.1) 154 H K L W D L I K V - - L P T F G M - - - M R A D R T V Y Q H A A L R V K D E R L R M A L S F H P L F I G G D P F N V T S 208
P. ananatis (BAA14127.1) 145 L S F R D M L R A - - A P Q L A K - - - L Q A W R S V Y S K V A S Y I E D E H L R Q A F S F H S L L V G G N P F A T S S 199
T. urticae (tetur01g11270) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H R V V D K L I E I A S - N K F G V K F N Y S A P V R K I N V - - - - D G N K 267
T. evansi (c7787) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H S V V D K L I E M A S - N K F G V K F N Y S A P V S K M N V - - - - D D H N 267
P. citri (contig_2090) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V D K I N V V K G E N G K Q 275
P. ulmi (contig_03118) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V E K I N V I K G E N G K Q 275
M. destructor (Mdes009995) 209 P Y N L L Q Y T E I A E G I W Y P L G G F H K V V E Q L E K M A S - K K F D A K F I F N T G I E K I I I - - - - - D N D 262
M. destructor (Mdes003797) 211 L F N L L Q Y T E M A D G V W Y P R G G F H K V V E A L E N I A T - K K F G V E F K Y N V N V N K I I V - - - - D E K R 265
A. pisum (XP_001943225.2) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D E N G 259
A. pisum (XP_001946689.2) 206 A Y S L L Q Y T E I A E G I W Y P K G G F H K V L E S L E N I A V - - Q H G A K F N Y N A D V Q E I I V - - - - D D K G 259
A. pisum (XP_001950764.1) 206 P Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q S L E Q I A V - - Q Y G A K F N Y K T N V Q E I I V - - - - D D K G 259
M. persicae G006 (000134350) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D D N G 259
M. persicae G006 (000134430) 206 L Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q C L E K I A V - - Q Y G A K F N Y N A Y V E K I I V - - - - D D K G 259
M. persicae G006  (000203460) 206 L Y S L L Q Y S E L T E G I W Y P K G G Y N K V L Q C L E K I A V - - Q Y G A K F N Y N A D V E K I I V - - - - D D K G 259
M. persicae G006 (000134480) 206 A Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E N I A V - - K H G A K F H Y N A D V Q K I I V - - - - D D K G 259
M. persicae G006  (000134410) 212 P Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E K I A V - - Q Y G A K F N Y N T D V Q E I I V - - - - D D K G 265
P. blakesleeanus (CAA55197.1) 206 V Y N L L Q Y T E F A E G I W Y P K G G F N T V I Q K L E N I A T - E K F G A R F I Y E A P V A K I N T - - - D D K G K 261
B. trispora (AAO46892.1) 207 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E S I A S - K K Y G A E F R Y Q S P V A K I N T - - - V D K D K 262
M. circinelloides (EPB83039.1) 205 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E M I A K - T K Y G A D F I Y N A P V A K I N T - - - N D T T K 260
X. dendrorhous (AAO53257.1) 211 T Y S L L Q Y T E L T E G I W Y P R G G F W Q V P N T L L Q I V K R N N P S A K F N F N A P V S Q V L L - - - S P A K D 267
U. maydis (XP_011390692.1 ) 239 T Y S L L Q Y A E Y A K G I W Y P I G G F Y K V V E A I E T I A R - D K F A V D F R Y E T N V K R I V I - - - D E R K G 294
F. fujikuroi (CAD19989.2) 208 T Y S L L Q Y T E L A E G I L Y P R G G F H K V V E A L V N V G Q - - R L G V E Y R L S T G V K S I S I - - - D Q A T G 262
N. crassa (AAA33555.1) 212 T Y S L L Q Y S E L A E G I W Y P R G G F H K V L D A L V K I G E - - R M G V K Y R L N T G V S Q V L T D G G K N G K K 269
R. sphaeroides (AAB31138.1) 209 M Y I L V S Q L E K E F G V H Y A I G G V A A I A A A M A K V I E - - G Q G G S F R M N T E V D E I L V - - - - - E K G 261
P. ananatis (BAA14127.1) 200 I Y T L I H A L E R E W G V W F P R G G T G A L V Q G M I K L F Q - - D L G G E V V L N A R V S H M E T - - - - - T G N 252
T. urticae (tetur01g11270) 267 - K V T G I T L E S G E V V D A D F V V C N A D L V F A Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - T S Y 304
T. evansi (c7787) 267 - K V T G M T L E S G E V V D A D F V V C N A D L V F A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T S Y 304
P. citri (contig_2090) 275 - K V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
P. ulmi (contig_03118) 275 - T V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
M. destructor (Mdes009995) 262 - V A K G V Q L E N G D M K Y A D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T P Y 299
M. destructor (Mdes003797) 265 - V A K G V R F D D G S M D Y A D I V V C N A D L I Y A Y N H L L - - - P - - - - - - - - - - - - - - G - - - - - T A Y 302
A. pisum (XP_001943225.2) 259 - V A K G I K L Q N G N V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001946689.2) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001950764.1) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134350) 259 - V A K G I K L M N G D V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S F 296
M. persicae G006 (000134430) 259 - V A K G I K L V N G D V V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000203460) 259 - V A K G I K L V N G D I V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134480) 259 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000134410) 265 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 302
P. blakesleeanus (CAA55197.1) 261 - K V T G V T L Q S G E V I E A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 298
B. trispora (AAO46892.1) 262 - R V T G V T L E S G E V I E A D A V V C N A D L V Y A Y H H L L - - - P - - - - - - - - - - - - - - P - - - - - C N W 299
M. circinelloides (EPB83039.1) 260 - Q V T G V T L E N G Q I I D A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 297
X. dendrorhous (AAO53257.1) 267 - R A T G V R L E S G E E H H A D V V I V N A D L V Y A S E H L I - - - P D D A R N K I G Q L G E V K R - - - - - S WW 318
U. maydis (XP_011390692.1 ) 294 - A A K G V E L D S G E V L Q A D V V V S N A D L V W T Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - S S Y 331
F. fujikuroi (CAD19989.2) 262 - K A N G V V L S D G T H L P S D I V I S N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 299
N. crassa (AAA33555.1) 270 P K A T G V Q L E N G E V L N A D L V V V N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K E I G G I K K Y 312
R. sphaeroides (AAB31138.1) 261 - T A T G V R L A S G E V L R A G L V V S N A D A G H T Y M R L L R N H P - - - - - - - - - - - - - - R - - - - - R R W 301
P. ananatis (BAA14127.1) 252 - K I E A V H L E D G R R F L T Q A V A S N A D V V H T Y R D L L S Q H P - - - - - - - - - - - - - - A - - - - - A V K 292
T. urticae (tetur01g11270) 305 G T K - L G S K - D H T S S S I S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P T 357
T. evansi (c7787) 305 G T K - L G L K - D H T S S S M S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P S 357
P. citri (contig_2090) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
P. ulmi (contig_03118) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
M. destructor (Mdes009995) 300 G K H - L G E T G A L T A S T M S F Y W G - - - L S Q K I P A H Q L D T H N I F L A N D Y K S S F D D I F K S H S L P D 355
M. destructor (Mdes003797) 303 A K K - L S K S A A L T S S S I S F Y W G - - - L K C Q V P - - E L D V H N V F L A N D Y K A S Y D N V F K R H I L S E 356
A. pisum (XP_001943225.2) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E Q Y K P S F D Q I F E D H S L P D 349
A. pisum (XP_001946689.2) 297 A D K - L G K K - E L T S S S I S F Y W S - - - M K T I V S - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
A. pisum (XP_001950764.1) 297 A N K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
M. persicae G006 (000134350) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E L Y K P S F D Q I F E D H T L P D 349
M. persicae G006 (000134430) 297 A V K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N V H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006  (000203460) 297 A E K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N I H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006 (000134480) 297 A K K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K E H N I F L A E K Y K Q S F D Q I F K D H T L P D 349
M. persicae G006  (000134410) 303 A E K - L G K K - E L T S S S I S F Y W S - - - M K T V V S - - E L K V H N I F L A E K Y K Q S F D Q I F K D H T L P D 355
P. blakesleeanus (CAA55197.1) 299 T T N T L A E K - K L T S S S I S F Y W S - - - L K R V V P - - E L D V H N I F L A E A F K E S F D E I F T D H K M P S 352
B. trispora (AAO46892.1) 300 T K K T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y K E S F D E I F N D F G L P S 353
M. circinelloides (EPB83039.1) 298 T Q N T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y Q E S F D E I F K D F G L P S 351
X. dendrorhous (AAO53257.1) 319 A D L V G G K K L K G S C S S L S F Y W S - - - M D R I V D - - G L G G H N I F L A E D F K G S F D T I F E E L G L P A 373
U. maydis (XP_011390692.1 ) 332 A T R - L K S K - D Q T C S S I S F Y W A - - - L S S V V E - - E L G G H N I F L A D A Y Q E S F D E I F R D G D T P S 384
F. fujikuroi (CAD19989.2) 300 A D S - L S K R - E T S C S S I S F Y W S - - - A S K I V P - - E L N A H N I F L A D E Y Q E S F D S I F K E H L I P S 352
N. crassa (AAA33555.1) 313 A N K - L N N R - K A S C S S I S F Y W S - - - L S G M A K - - E L E T H N I F L A E E Y K E S F D A I F E R Q A L P D 365
R. sphaeroides (AAB31138.1) 302 T D A H V K S R - RW S M G L F V W Y F G T K G T K G MW P - - D V G H H T I V N A P R Y K G L V E D I F L K G K L A K 358
P. ananatis (BAA14127.1) 293 Q S N K L Q T K - R M S N S L F V L Y F G - - - L N H H H D - - Q L A H H T V C F G P R Y R E L I D E I F N H D G L A E 346
T. urticae (tetur01g11270) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G C M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
T. evansi (c7787) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G Y M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
P. citri (contig_2090) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
P. ulmi (contig_03118) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
M. destructor (Mdes009995) 356 D P S F Y V N V P S R I D P T A A P D G K E T L V V L V P V S H I M P N N - - - - - - - - - - - - - - - - - - E N R I D 397
M. destructor (Mdes003797) 357 D P F F Y V N V P S R I D S T A A P D G K D S V V V L L P V S H L S P N N - - - - - - - - - - - - - - - - - - V D C M D 398
A. pisum (XP_001943225.2) 350 E P S F Y V N V P S H I D P T A A P E G K D T F V I L V P V G H I S D R T - - - - - - - - - - - - - - - - - - D I D F D 391
A. pisum (XP_001946689.2)) 350 E P S F Y V N V P S R I D P T A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
A. pisum (XP_001950764.1) 350 E P S F Y V N V P S R I D P S A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134350) 350 E P S F Y V N V P S H I D P S A A P E G K D T F V I L V P V G H I S D R P - - - - - - - - - - - - - - - - - - D I D F D 391
M. persicae G006 (000134430) 350 D P S F Y V N V P S R I D P T A A P E G K D S I I V L V P V G H L S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000203460) 350 D P S F Y V N V P S R I D P T A A P E G K D S I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134480) 350 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I T N V S - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000134410) 356 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 397
P. blakesleeanus (CAA55197.1) 353 E L S F Y V N L P S R I D P T A A P P G K D S M I V L V P I G H M K S K T - - - - - - - - - - - - - - - - N E A E D Y T 396
B. trispora (AAO46892.1) 354 E A S F Y V N V P S R I D E S A A P P N K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G N S A E E N Y P 399
M. circinelloides (EPB83039.1) 352 E A S F Y V N V P S R I D P S A A P D G K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G D A T T E N Y P 397
X. dendrorhous (AAO53257.1) 374 D P S F Y V N V P S R I D P S A A P E G K D A I V I L V P C G H I D A S N - - - - - - - - - - - - - - - - - - P Q D Y N 415
U. maydis (XP_011390692.1 ) 385 E P S F Y V N V P S R L D A S A A P A G K D T L V I L V P C G P I S I P E - - - - - - K P C A D P A K G A R T R D Q F A 438
F. fujikuroi (CAD19989.2) 353 E P S F Y V N V P S R I D P S A A P E G K D S I V V L V P V G H L L S D S E G T H R G L S K S G N S G G L E T S Q DW D 412
N. crassa (AAA33555.1) 366 D P S F Y I H V P S R V D P S A A P P D R D A V I A L V P V G H L L Q N G - - - - - - - - - - - - - - - - Q P E L DW P 409
R. sphaeroides (AAB31138.1) 359 D M S L Y I H R P S I T D P T V A P E G D D T F Y A L S P V P H L K Q A Q - - - - - - - - - - - - - - - - - - P V DW Q 400
P. ananatis (BAA14127.1) 347 D F S L Y L H A P C V T D S S L A P E G C G S Y Y V L A P V P H L G T A N - - - - - - - - - - - - - - - - - - - L DW T 387
T. urticae (tetur01g11270) 400 G L V A R A R A Q V I E T I E K Q M G F E S F E S Y I E T E I V N D P R T W K E K F N L W N G S I L G L T H S I P Q V L 459
T. evansi (c7787) 400 A L V A K A R A Q V I E T I E T Q M N I K S F E S Y I E T E I V N D P R T W K D K F N L W N G S I L G L T H S I P Q V L 459
P. citri (contig_2090) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
P. ulmi (contig_03118) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
M. destructor (Mdes009995) 398 E L I K F A R S K V I Q T L E N R L K M D K F E E L I E T E T I N D P R T W Q N K F N L W K G S A L G L S H N M M Q V L 457
M. destructor (Mdes003797) 399 E W I K I A R D R L I R I I E D R L H I E N L E S L I E Y E M M N D P S T W E T K F N L W K G S I L G M S H N I P Q V L 458
A. pisum (XP_001943225.2) 392 D L V K R A R E H V I N S I E K R L K I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q V A 451
A. pisum (XP_001946689.2) 392 Q H V K T A R E H V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N N F N L W K G S I L G L S H S L F Q V L 451
A. pisum (XP_001950764.1) 392 K L V E R A R E Q V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006 (000134350) 392 H L V N R A R E H V I G A I E K R L N I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q I A 451
M. persicae G006 (000134430) 392 R L V N R A R E Q V I D T L E K R L K I S N F R S M I D H E K V N D P R S W Q K E F N L W K G S I L G L S H T F L Q V V 451
M. persicae G006  (000203460) 392 Q L V E R A R E K V I D T L E K R L K I S N F R S L I D H E I V N D P R T W E N E F N L W K G S I L G L A H T F L Q V V 451
M. persicae G006 (000134480) 392 Q L V K K A R E N V I D T M E K R L K I S N F R N L I D H E I V N D P R T W Q N K F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006  (000134410) 398 Q L V K R A R E Q V I D T I E K R L K I S N F R S L I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 457
P. blakesleeanus (CAA55197.1) 397 M I V K R A R K M V L E V L E R R L G L T N F I D L V E H E E V N D P S I W Q K K F N L W R G S I L G L S H D V L Q V L 456
B. trispora (AAO46892.1) 400 E L V N R A R K M V L E V I E R R L G V N N F A N L I E H E E V N D P S V W Q S K F N L W R G S I L G L S H D V F Q V L 459
M. circinelloides (EPB83039.1) 398 A M V N R A R K M V L E V I E R R L D M S N F A D L I E H E Q V N D P A V W Q S K F N L W R G S I L G L S H D V L Q V L 457
X. dendrorhous (AAO53257.1) 416 K L V A R A R K F V I H T L S A K L G L P D F E K M I V A E K V H D A P S W E K E F N L K D G S I L G L A H N F M Q V L 475
U. maydis (XP_011390692.1 ) 439 A T V Q R A R T Q V I A T L S K R L N R P D F E S L I Q H E I V N D P F DW A D K F N L F R G S I L G L S H T I P Q V L 498
F. fujikuroi (CAD19989.2) 413 K M I S L A R D T V I A T M R A R I G V - D L A P L I E N E I I N T P F T W Q E K F N L D K G A I L G L S H S I M N V L 471
N. crassa (AAA33555.1) 410 T L V S K A R A G V L A T I Q A R T G L - S L S P L I T E E I V N T P Y T W E T K F N L S K G A I L G L A H D F F N V L 468
R. sphaeroides (AAB31138.1) 401 A V A E P Y R E S V L E V L E Q S - - M P G I G E R I G P S L V F T P E T F R D R Y L S P W G A G F S I E P R I L Q S A 458
P. ananatis (BAA14127.1) 388 V E G P K L R D R I F A Y L E Q H Y - M P G L R S Q L V T H R M F T P F D F R D Q L N A Y H G S A F S V E P V L T Q S A 446
T. urticae (tetur01g11270) 460 C F R P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
T. evansi (c7787) 460 C F S P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
P. citri (contig_2090) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N T T N Q S N 525
P. ulmi (contig_03118) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N P T N Q S N 525
M. destructor (Mdes009995) 458 H F R P S T R S H L - - F K N L Y F V G A S A H P G T G V P I V L C G A K L V E K Q M M E D T G - - - - - - - - M I E R 507
M. destructor (Mdes003797) 459 H Y R P S I R C N E - - F K N L Y F V G A N A H P G T G V P V I L C G A K L V E Q Q I L K D Y G - - - - - - - - F I E R 508
A. pisum (XP_001943225.2) 452 Y F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
A. pisum (XP_001946689.2) 452 W F R P S M K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G T K L L E K Q L C D R F L - - - - - - - - - - - D 498
A. pisum (XP_001950764.1) 452 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 498
M. persicae G006 (000134350) 452 Y F R P S L K C K I - - F D N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
M. persicae G006 (000134430) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - G 498
M. persicae G006  (000203460) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - E 498
M. persicae G006 (000134480) 452 W F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G A K L L E K Q L C D R F S - - - - - - - - - - - E 498
M. persicae G006  (000134410) 458 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 504
P. blakesleeanus (CAA55197.1) 457 W F R P S T Q D S T G R Y K N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C D H F G V K V R P S A I T S S K 516
B. trispora (AAO46892.1) 460 W F R P S T K D S T N R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C K S F G Q N P L P R K L Q D S Q 519
M. circinelloides (EPB83039.1) 458 W F R P S T K D S T G R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V V R S F G K S P K P R K I E I E N 517
X. dendrorhous (AAO53257.1) 476 G F R P S T R H P K - - Y D K L F F V G A S T H P G T G V P I V L A G A K L T A N Q V L E S F D R S P A P D P N M S L S 533
U. maydis (XP_011390692.1 ) 499 W F R P S I Q H A K - - Y N N L F F V G A S T Q P G T G V P V V V A G S G V V A H R V T A F L E - - - - - - - - - - - G 545
F. fujikuroi (CAD19989.2) 472 A F R P G T Q H S K - - Y K N L Y F A G A S T H P G T G V P V C I A G S K I V A E Q I L K D S G F K N N Q I P W A Q D T 529
N. crassa (AAA33555.1) 469 A F R P R T K A Q G - - M D N A Y F V G A S T H P G T G V P I V L A G A K I T A E Q I L E E T F P K N T K V P W T T N E 526
R. sphaeroides (AAB31138.1) 459 W F R P H N I S E E - - V A N L F L V G A G T H P G A G V P G V I G S A E V M A K L A P D A P - - - - - - - - - - - - R 504
P. ananatis (BAA14127.1) 447 W F R P H N R D K T - - I T N L Y L V G A G T H P G A G I P G V I G S A K A T A G L M L E D L I - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T E K F S F D F I G I F I P L V L 527
T. evansi (c7787) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S E K F S F D F I G V F I P L I L 527
P. citri (contig_2090) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P V L L 546
P. ulmi (contig_03118) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P I L L 546
M. destructor (Mdes009995) 508 T D V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T T V F F Q Y F M L V V A I F L - 527
M. destructor (Mdes003797) 509 G H E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L I I I L Q Y F L F G I V L M I D 529
A. pisum (XP_001943225.2) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M N T W S K - Y V S F L I G L L V 518
A. pisum (XP_001946689.2) 499 S K V T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K S S W S M - C V S F L I G I I V 518
A. pisum (XP_001950764.1) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 518
M. persicae G006 (000134350) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T N I W S K - Y V S F L I G L L A 518
M. persicae G006 (000134430) 499 S K V Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L W S N V R E L A T Q - - - - 515
M. persicae G006  (000203460) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L F S K - F I T F L I G L L A 518
M. persicae G006 (000134480) 499 N T V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L K S Y S K - S F S L L I S I L A 518
M. persicae G006  (000134410) 505 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 524
P. blakesleeanus (CAA55197.1) 517 R T Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E D S K S F I W D I I W F L L I A L F A A 542
B. trispora (AAO46892.1) 520 K K Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E Q T R K T E S HW I Y Y C L A C Y - 542
M. circinelloides (EPB83039.1) 518 K Q A P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L E Q D V A I G F S L G MW L R I A F L - V 542
X. dendrorhous (AAO53257.1) 534 V P Y G - - - - - - - - - - - - - - - - - - - - - - - K P L K S N G T G I D S Q V Q L K F M D L E RW V Y L L V L L I G 570
U. maydis (XP_011390692.1 ) 546 R E K G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - W L S W E A I R G S I F L A L L A 566
F. fujikuroi (CAD19989.2) 530 T K S P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K G G L D K M S D S S L T L F Q G 550
N. crassa (AAA33555.1) 527 E R N S E R M R K E M D E K I T E E G I I M R S N S S K P G R R G S D A F E G A M E V V N L L S Q R A F P L L V A L M G 586
R. sphaeroides (AAB31138.1) 505 A R R E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A E P A E R L A A E - - - - - - - 518
P. ananatis (BAA14127.1) 492 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 527 - - - - - - - - L L L F Y F V F G N K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
T. evansi (c7787) 527 - - - - - - - - L L L F Y F F F G S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
P. citri (contig_2090) 546 - - - - - - - - L L I F Y Y F F A S S NW I D - - - - - - - - - - - - - - - - - - - - - - - - - - 561
P. ulmi (contig_03118) 546 - - - - - - - - L L I F Y Y F F A S S NW I D D F S Q L T N - - - - - - - - - - - - - - - - - - - 568
M. destructor (Mdes009995) 527 - - - - - - - F I H L F L Q L F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 536
M. destructor (Mdes003797) 530 T K I V K V T K I V I L N K M Y N T L D V G S N S N I Q - - - - - - - - - - - - - - - - - - - - - 557
A. pisum (XP_001943225.2) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
A. pisum (XP_001946689.2) 518 - - - - - - - - L L I F C T L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 525
A. pisum (XP_001950764.1) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134350) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134430) 515 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 515
M. persicae G006  (000203460) 518 - - - - - - - - L L V A W V S S I F H K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 530
M. persicae G006 (000134480) 518 - - - - - - - - I L F F C F V S E F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006  (000134410) 524 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 534
P. blakesleeanus (CAA55197.1) 542 - - - - - - - - T L V L F I A F P Q Y S E V N Q T A A S Y I N N L L P A A F R V P V A N L S L T S 583
B. trispora (AAO46892.1) 542 - - - - - - - - F V T F L F F Y F F P R D D T T T P A S F I N Q L L P N V F Q V Q N S N D I R I - 582
M. circinelloides (EPB83039.1) 542 - - - - - - - - V F M F F Y F F P Q - - S N G Q T P A S F I N N L L P D V F R V H N S N V I - - - 578
X. dendrorhous (AAO53257.1) 571 A V I A R S V G V L A F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 582
U. maydis (XP_011390692.1 ) 567 M V G V M F A G F A A A F I L L G L V I A V S V H L L G F A D V P G L V R G K V M L E - - - - - - 609
F. fujikuroi (CAD19989.2) 551 F L G A L V A I L L A Y Y Y L V I A A N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 570
N. crassa (AAA33555.1) 586 - - - - - - - - V L Y F L L F V R - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 595
R. sphaeroides (AAB31138.1) 518 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 518
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Appendix 4-G: Continues on next page   
T. urticae (tetur01g11270) 1 - - - - - - - - - - - - - - - - - - - - M N G N S S S S A K R A I V I G A G V G G S A V A A R L G K L G F D V T V Y E K 40
T. evansi (c7787) 1 - - - - - - - - - - - - - - - - - - - - M N G N S N S S S K S A I V I G A G V G G S A I A A R L G K L G F D V T V Y E K 40
P. citri (contig_2090) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
P. ulmi (contig_03118) 1 - - - - - - - - - - - - - - - - M N G N N N S N G L G S G K S V I V I G A G V G G S A I A A R L G R L G Y K V S V Y E K 44
M. destructor (Mdes009995) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S S T R K S V I I V G C G I G G V A C G A S L A R Q G F D V T V Y E K 36
M. destructor (Mdes003797) 1 - - - - - - - - - - - - - - - - - - - - - - M M K V N R T K S V M I V G C G I G G V A L A A R L A R N G F D V K V Y E K 38
A. pisum (XP_001943225.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
A. pisum (XP_001946689.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
A. pisum (XP_001950764.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K R G F Q V E V F E K 33
M. persicae G006 (000134350) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M A I K I I I I G S G V G G T A A A A R L S K K G F Q V E V Y E K 33
M. persicae G006 (000134430) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000203460) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V I K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006 (000134480) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 33
M. persicae G006  (000134410) 1 - - - - - - - - - - - - - - - - - - - - - M I V V E K M V V K I I I I G A G V G G T A A A A R L S K K G F Q V E I Y E K 39
P. blakesleeanus (CAA55197.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - M A P P K H V I I I G A G A G G T A T A A R L A R E G I K V T V V E K 35
B. trispora (AAO46892.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D Q K K H I V V I G A G I G G T A T A A R L A R E G F R V T V V E K 36
M. circinelloides (EPB83039.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - M S K K H I V I I G A G V G G T A T A A R L A R E G F K V T V V E K 34
X. dendrorhous (AAO53257.1) 1 - - - - - - - - - - - - - - - - - - - - M G K E Q D Q D K P T A I I V G C G I G G I A T A A R L A K E G F Q V T V F E K 40
U. maydis (XP_011390692.1 ) 1 M A T R M S A P G D T K P I L R P S S T C S S P T K R S S K K V V I I G A G A G G T A L A A R L G R R G Y S V T V L E K 60
F. fujikuroi (CAD19989.2) 1 - - - - - - - - - - - - - - - - - - - - - - - - M S D I K K S V I V I G A G V G G V S T A A R L A K A G F K V T I L E K 36
N. crassa (AAA33555.1) 1 - - - - - - - - - - - - - - - - - - - - - - M A E T Q R P R S A I I V G A G A G G I A V A A R L A K A G V D V T V L E K 38
R. sphaeroides (AAB31138.1) 1 - - - - - - - - - - - - - - - - - - - M P S I S P A S D A D R A L V I G S G L G G L A A A M R L G A K GW R V T V I D K 41
P. ananatis (BAA14127.1) 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - M K P T T V I G A G F G G L A L A I R L Q A A G I P V L L L E Q 32
T. urticae (tetur01g11270) 41 N D F S G G R C S L I R Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I N - D H L E L L K C P I N Y R V Y 98
T. evansi (c7787) 41 N E F S G G R C S L I K Q N - G H RW D Q G P S L Y L M P K L F E E T F A D L G E D I K - D H L E L L K C P I N Y R V Y 98
P. citri (contig_2090) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
P. ulmi (contig_03118) 45 N D F C G G R C S L I H S N - G H RW D Q G P S L Y L M P K M F E D T F N D L D E S I S - D H L E L I K C P I N Y R V H 102
M. destructor (Mdes009995) 37 N A F S G G R L S L I H K N - G H R F D Q G P S L Y L M P K L F E E T F N D L G E K M S - D H L D L V K C P S N Y M V H 94
M. destructor (Mdes003797) 39 N G Y S G G R L S L I E Q N - G F R F D Q G P S L Y L M P N L F A E T F T D L G E K I G - D H L D L L Q C E T N Y S I Y 96
A. pisum (XP_001943225.2) 34 N S Y N G G R C S I I R H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D I K - D H I E I L Q C K I N Y Y I N 91
A. pisum (XP_001946689.2) 34 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E I F E D L G E D I K - N H I D L L K C P S N Y S V H 91
A. pisum (XP_001950764.1) 34 N A Y N G G R C S L I Q H K - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 91
M. persicae G006 (000134350) 34 N S Y N G G R C S I I N H N - G H R F D Q G P S L Y L M P K I F E E T F K D L G E D L K - D H V E I L Q C Q I N Y C I N 91
M. persicae G006 (000134430) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006  (000203460) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S F Y L M P K I F D E T F E D L G E D I K - N H I E L L K C P T N Y N V H 91
M. persicae G006 (000134480) 34 N S Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T L E D L G E D I K - N H I E L L K C S T N Y N V H 91
M. persicae G006  (000134410) 40 N A Y N G G R C S L I Y Q N - G H R F D Q G P S L Y L M P K I F E E T F E D L G E D I K - N H I D L L K C P S N Y S V H 97
P. blakesleeanus (CAA55197.1) 36 N N F G G G R C S L I N H N - G H R F D Q G P S L Y L M P K L F E E A F E A L D E K I E - D H V E L L R C H N N Y K V H 93
B. trispora (AAO46892.1) 37 N D F S G G R C S F I H H D - G H R F D Q G P S L Y L M P K L F E D A F A D L D E R I G - D H L D L L R C D N N Y K V H 94
M. circinelloides (EPB83039.1) 35 N D F G G G R C S L I H H E - G H R F D Q G P S L Y L M P K Y F E D A F A D L D E R I Q - D H L E L L R C D N N Y K V H 92
X. dendrorhous (AAO53257.1) 41 N D Y S G G R C S L I E R D - G Y R F D Q G P S L L L L P D L F K Q T F E D L G E K M E - DW V D L I K C E P N Y V C H 98
U. maydis (XP_011390692.1 ) 61 N S F G G G R C S L I H H D - G H RW D Q G P S L Y L M P E I F E S C F K D L G E D I R - S H I R L H Q C N P A Y R I H 118
F. fujikuroi (CAD19989.2) 37 N D F T G G R C S L I H N D - G H R F D Q G P S L L L L P R F F H E I F Q D L G T S L T A E G V E L L K C E P N Y N I W 95
N. crassa (AAA33555.1) 39 N D F T G G R C S L I H T K A G Y R F D Q G P S L L L L P G L F R E T F E D L G T T L E Q E D V E L L Q C F P N Y N I W 98
R. sphaeroides (AAB31138.1) 42 L D V P G G R G S S I T Q E - G H R F D L G P T I V T V P Q S L R D L W K T C G R D F D - A D V E L K P I D P F Y E V R 99
P. ananatis (BAA14127.1) 33 R D K P G G R A Y V Y E D Q - G F T F D A G P T V I T D P S A I E E L F A L A G K Q L K - E Y V E L L P V T P F Y R L C 90
T. urticae (tetur01g11270) 99 F H D G K L I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M R F L D F L K E S H V H Y E H S V Q M A L K T R F 155
T. evansi (c7787) 99 F H D G Q S I E L S S D I Q A V Y R Q L E K F E - - - G S S E D T L M S F L D F L K E S H V H Y E H S V Q M A L K T R F 155
P. citri (contig_2090) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
P. ulmi (contig_03118) 103 F H D G K S I E L S T D I Q S V Y R Q L E T F E - - - G A N E S T L L R F L D F L K E S H V H Y E R S V K M A L K T R Y 159
M. destructor (Mdes009995) 95 F H D G D R F E L S C D L A K M Y H Q L K K F E - - - G D S E E T F L R F M D F L K E V H V H Y D R S V T L A L K E N Y 151
M. destructor (Mdes003797) 97 F G D G D R F K L T C N L A N L F E Q I K K Y E - - - G N S E Q T M L R F M D F M K E T H V H Y E R S I A I A L K Q N Y 153
A. pisum (XP_001943225.2) 92 F H D G Q Q F Q H S C N L S K L Q R S L E N F E - - - G E G E E T L L R F F D F L K E T H V H Y R K S I E L A M R T D F 148
A. pisum (XP_001946689.2) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G Y G E S T L I N F L R Y L K E T H V H Y Q R S V K V A L K T D F 148
A. pisum (XP_001950764.1) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S G E S T L I N F L S Y L K E T H V H Y Q R S V K V A L K T D F 148
M. persicae G006 (000134350) 92 F H D G Q Q F Q H S C N L S K L Q R S L E K F E - - - G E G E D T L L R F F D F L K E T H V H Y R R S I E L A M R T D F 148
M. persicae G006 (000134430) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006  (000203460) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G G G E A T L T N F L T Y L K Q T H V Y Y Q K S V K K A L Q T D F 148
M. persicae G006 (000134480) 92 F H D G E T F E L T T D I S K L S R S L E K Y E - - - G S D E S T L I N F L S Y L K E T H I H Y Q R G V K V A L K T D F 148
M. persicae G006  (000134410) 98 F H D G E T F E L T T D L S K L S R S L E K Y E - - - G N G E S T L I N F L G Y L K E T H V H Y Q R S V K V A L K T D F 154
P. blakesleeanus (CAA55197.1) 94 F D D G D K I Q L S S D L S R M K P E M E R I E - - - G - - P D G F L R F L D F M K E S H T H Y E G G V E M A I K Q N F 148
B. trispora (AAO46892.1) 95 F D D G D A V Q L S S D L T K M K G E L D R I E - - - G - - P L G F G R F L D F M K E T H V H Y E Q G T F I A I K R N F 149
M. circinelloides (EPB83039.1) 93 F D D G E S I Q L S S D L T R M K A E L D R V E - - - G - - P L G F G R F L D F M K E T H I H Y E S G T L I A L K K N F 147
X. dendrorhous (AAO53257.1) 99 F H D E E T F T L S T D M A L L K R E V E R F E - - - G - - K D G F D R F L S F I Q E A H R H Y E L A V V H V L Q K N F 153
U. maydis (XP_011390692.1 ) 119 F A D G E K M M L S S N L S Q M G E T L N F F E K R A G N K Q D P L T N F L T F L K E A G E N Y E E S I K H V L T K DW 178
F. fujikuroi (CAD19989.2) 96 F G D G S S F E M S T D L T K M K K A I E A V E - - - G - - I D G F E R Y L G F L Q E S H R H Y E V S V E S V L R R N F 150
N. crassa (AAA33555.1) 99 F S D G K R F S P T T D N A T M K V E I E K W E - - - G - - P D G F R R Y L S W L A E G H Q H Y E T S L R H V L H R N F 153
R. sphaeroides (AAB31138.1) 100 W P D G S H F T V R Q S T E A M K A E V A R L S - - - - - - P G D V A G Y E K F L K D S E K R Y W F G Y E D L G R R S M 153
P. ananatis (BAA14127.1) 91 W E S G K V F N Y D N D Q T R L E A Q I Q Q F N - - - - - - P R D V E G Y R Q F L D Y S R A V F K E G Y L K L G T V P F 144
T. urticae (tetur01g11270) 156 A S I W D L F K L K Y I P E L F R - - - M H L Y S T V Y K R A T K Y F K T E H M I K A F T F Q S M Y M G M S P Y D S P G 212
T. evansi (c7787) 156 S S V W D L L S L K Y V P E L F R - - - M H L Y S T V Y K S A T K Y F K S E H M I K A F T F Q S M Y M G M S P Y D S P G 212
P. citri (contig_2090) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
P. ulmi (contig_03118) 160 D S F W D L I R V K Y L P E L F S - - - M H L Y S T V Y R R A T K Y F K T D H M I K A F T F Q S M Y M G M S P Y D S P G 216
M. destructor (Mdes009995) 152 A NW Y D E F Q L K H I P A L M K - - - L H L W D N V Y N R T K R F F K S D K M R K A F T F Q T M Y I G M S P F D S P A 208
M. destructor (Mdes003797) 154 E HW Y N E F Q L K H V P N V F R - - - L H L W S T V Y G S V Q K F F R T D K M R Q A F S F Q T M Y I G M S P Y D T P A 210
A. pisum (XP_001943225.2) 149 Q NW Y D F F N I K H I P T L L N - - - L H L H S S V Y T R A C K Y F K S D Y M R K A F T F Q T M Y M G M S P Y D G L A 205
A. pisum (XP_001946689.2) 149 Q HW Y D F F N P K F L P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
A. pisum (XP_001950764.1) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134350) 149 Q NW Y D F F N I K H I P T L L K - - - L H L H S S V Y T R A C K Y F K S D H M R K A F T F Q T M Y M G M S P Y D G L A 205
M. persicae G006 (000134430) 149 Q HW Y D F F N P R H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006  (000203460) 149 Q HW Y D F F N P K H I P D V I Q - - - L H L F D T V Y N K V C E Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 205
M. persicae G006 (000134480) 149 Q HW Y D L F N P K Y I P D I I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y S G L A 205
M. persicae G006  (000134410) 155 Q HW Y D F F N P K H I P D V I Q - - - L H L L D T V Y N R V C K Y F K S D Y M R K A F S F Q T M Y L G M S P Y D G L A 211
P. blakesleeanus (CAA55197.1) 149 E T I W K L I R L Q Y V P A L F R - - - L H I F D F V Y S R A A K Y F K T K K M R M A F T F Q S M Y M G M S P Y D S P A 205
B. trispora (AAO46892.1) 150 E T I W D L I R L Q Y V P E I F R - - - L H L F G K I Y D R A S K Y F Q T K K M R M A F T F Q T M Y M G M S P Y D A P A 206
M. circinelloides (EPB83039.1) 148 E S I W D L I R I K Y A P E I F R - - - L H L F G K I Y D R A S K Y F K T K K M R M A F T F Q T M Y M G M S P Y D A P A 204
X. dendrorhous (AAO53257.1) 154 P G F A A F L R L Q F I G Q I L A - - - L H P F E S I W T R V C R Y F K T D R L R R V F S F A V M Y M G Q S P Y S A P G 210
U. maydis (XP_011390692.1 ) 179 S A WW A F F R P E L F P M L W K T K G L R I Y S T L Y D R T T K Y F K S R H V R R A L T F S A M Y M G M S P F D A P A 238
F. fujikuroi (CAD19989.2) 151 P S I L S L A R P E V L F N L F N - - - I H P L E S I W T R A S K Y F W T E R L R R V F T F G S M Y M G M S P F D A P G 207
N. crassa (AAA33555.1) 154 K S I L E L A D P R L V V T L L M A - - L H P F E S I W H R A G R Y F K T D R M Q R V F T F A T M Y M G M S P F D A P A 211
R. sphaeroides (AAB31138.1) 154 H K L W D L I K V - - L P T F G M - - - M R A D R T V Y Q H A A L R V K D E R L R M A L S F H P L F I G G D P F N V T S 208
P. ananatis (BAA14127.1) 145 L S F R D M L R A - - A P Q L A K - - - L Q A W R S V Y S K V A S Y I E D E H L R Q A F S F H S L L V G G N P F A T S S 199
T. urticae (tetur01g11270) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H R V V D K L I E I A S - N K F G V K F N Y S A P V R K I N V - - - - D G N K 267
T. evansi (c7787) 213 P Y S L L Q Y T E I A E G I W Y P K G G F H S V V D K L I E M A S - N K F G V K F N Y S A P V S K M N V - - - - D D H N 267
P. citri (contig_2090) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V D K I N V V K G E N G K Q 275
P. ulmi (contig_03118) 217 P Y S L L Q Y T E I A E G I W Y P K G G F N K V V Q K L I E I G T - N K Y G V K F N Y S K P V E K I N V I K G E N G K Q 275
M. destructor (Mdes009995) 209 P Y N L L Q Y T E I A E G I W Y P L G G F H K V V E Q L E K M A S - K K F D A K F I F N T G I E K I I I - - - - - D N D 262
M. destructor (Mdes003797) 211 L F N L L Q Y T E M A D G V W Y P R G G F H K V V E A L E N I A T - K K F G V E F K Y N V N V N K I I V - - - - D E K R 265
A. pisum (XP_001943225.2) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D E N G 259
A. pisum (XP_001946689.2) 206 A Y S L L Q Y T E I A E G I W Y P K G G F H K V L E S L E N I A V - - Q H G A K F N Y N A D V Q E I I V - - - - D D K G 259
A. pisum (XP_001950764.1) 206 P Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q S L E Q I A V - - Q Y G A K F N Y K T N V Q E I I V - - - - D D K G 259
M. persicae G006 (000134350) 206 P Y N L L Q Y T E I A E G I W Y P K G G F H S V L E S L E K I A V - - K H G A K F N Y N S D V Q E I I T - - - - D D N G 259
M. persicae G006 (000134430) 206 L Y S L L Q Y T E I A E G I W Y P K G G F N K V L Q C L E K I A V - - Q Y G A K F N Y N A Y V E K I I V - - - - D D K G 259
M. persicae G006  (000203460) 206 L Y S L L Q Y S E L T E G I W Y P K G G Y N K V L Q C L E K I A V - - Q Y G A K F N Y N A D V E K I I V - - - - D D K G 259
M. persicae G006 (000134480) 206 A Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E N I A V - - K H G A K F H Y N A D V Q K I I V - - - - D D K G 259
M. persicae G006  (000134410) 212 P Y S L L Q Y T E I A E G I W Y P K G G F N T V L Q S L E K I A V - - Q Y G A K F N Y N T D V Q E I I V - - - - D D K G 265
P. blakesleeanus (CAA55197.1) 206 V Y N L L Q Y T E F A E G I W Y P K G G F N T V I Q K L E N I A T - E K F G A R F I Y E A P V A K I N T - - - D D K G K 261
B. trispora (AAO46892.1) 207 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E S I A S - K K Y G A E F R Y Q S P V A K I N T - - - V D K D K 262
M. circinelloides (EPB83039.1) 205 V Y S L L Q Y T E F A E G I W Y P R G G F N M V V Q K L E M I A K - T K Y G A D F I Y N A P V A K I N T - - - N D T T K 260
X. dendrorhous (AAO53257.1) 211 T Y S L L Q Y T E L T E G I W Y P R G G F W Q V P N T L L Q I V K R N N P S A K F N F N A P V S Q V L L - - - S P A K D 267
U. maydis (XP_011390692.1 ) 239 T Y S L L Q Y A E Y A K G I W Y P I G G F Y K V V E A I E T I A R - D K F A V D F R Y E T N V K R I V I - - - D E R K G 294
F. fujikuroi (CAD19989.2) 208 T Y S L L Q Y T E L A E G I L Y P R G G F H K V V E A L V N V G Q - - R L G V E Y R L S T G V K S I S I - - - D Q A T G 262
N. crassa (AAA33555.1) 212 T Y S L L Q Y S E L A E G I W Y P R G G F H K V L D A L V K I G E - - R M G V K Y R L N T G V S Q V L T D G G K N G K K 269
R. sphaeroides (AAB31138.1) 209 M Y I L V S Q L E K E F G V H Y A I G G V A A I A A A M A K V I E - - G Q G G S F R M N T E V D E I L V - - - - - E K G 261
P. ananatis (BAA14127.1) 200 I Y T L I H A L E R E W G V W F P R G G T G A L V Q G M I K L F Q - - D L G G E V V L N A R V S H M E T - - - - - T G N 252
T. urticae (tetur01g11270) 267 - K V T G I T L E S G E V V D A D F V V C N A D L V F A Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - T S Y 304
T. evansi (c7787) 267 - K V T G M T L E S G E V V D A D F V V C N A D L V F A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T S Y 304
P. citri (contig_2090) 275 - K V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
P. ulmi (contig_03118) 275 - T V T G I T L A N G D V V N A D L V I C N A D L V F A Y N H L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 312
M. destructor (Mdes009995) 262 - V A K G V Q L E N G D M K Y A D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - S - - - - - T P Y 299
M. destructor (Mdes003797) 265 - V A K G V R F D D G S M D Y A D I V V C N A D L I Y A Y N H L L - - - P - - - - - - - - - - - - - - G - - - - - T A Y 302
A. pisum (XP_001943225.2) 259 - V A K G I K L Q N G N V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001946689.2) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
A. pisum (XP_001950764.1) 259 - V A K G I K M V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134350) 259 - V A K G I K L M N G D V I N S D I V I C N A D A V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S F 296
M. persicae G006 (000134430) 259 - V A K G I K L V N G D V V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000203460) 259 - V A K G I K L V N G D I V N S D I V I C N A D L T Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006 (000134480) 259 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 296
M. persicae G006  (000134410) 265 - V A K G I K L V N G D V V N S D I V I C N A D L V Y A Y N K L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 302
P. blakesleeanus (CAA55197.1) 261 - K V T G V T L Q S G E V I E A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 298
B. trispora (AAO46892.1) 262 - R V T G V T L E S G E V I E A D A V V C N A D L V Y A Y H H L L - - - P - - - - - - - - - - - - - - P - - - - - C N W 299
M. circinelloides (EPB83039.1) 260 - Q V T G V T L E N G Q I I D A D A V V C N A D L V Y A Y H N L L - - - P - - - - - - - - - - - - - - P - - - - - C R W 297
X. dendrorhous (AAO53257.1) 267 - R A T G V R L E S G E E H H A D V V I V N A D L V Y A S E H L I - - - P D D A R N K I G Q L G E V K R - - - - - S WW 318
U. maydis (XP_011390692.1 ) 294 - A A K G V E L D S G E V L Q A D V V V S N A D L V W T Y N N L L - - - P - - - - - - - - - - - - - - P - - - - - S S Y 331
F. fujikuroi (CAD19989.2) 262 - K A N G V V L S D G T H L P S D I V I S N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K - - - - - T S Y 299
N. crassa (AAA33555.1) 270 P K A T G V Q L E N G E V L N A D L V V V N A D L V Y T Y N N L L - - - P - - - - - - - - - - - - - - K E I G G I K K Y 312
R. sphaeroides (AAB31138.1) 261 - T A T G V R L A S G E V L R A G L V V S N A D A G H T Y M R L L R N H P - - - - - - - - - - - - - - R - - - - - R R W 301
P. ananatis (BAA14127.1) 252 - K I E A V H L E D G R R F L T Q A V A S N A D V V H T Y R D L L S Q H P - - - - - - - - - - - - - - A - - - - - A V K 292
T. urticae (tetur01g11270) 305 G T K - L G S K - D H T S S S I S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P T 357
T. evansi (c7787) 305 G T K - L G L K - D H T S S S M S F Y W G - - - L K E K L P - - K F T V H N V F L A Q N Y K A S F D E I F K G H T L P S 357
P. citri (contig_2090) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
P. ulmi (contig_03118) 313 G T K - L G Y K - D H T S S S I S F Y W G - - - L N Q I L D - - Q F T A H N V F L A Q N Y K A S F D E M F K G H T L P T 365
M. destructor (Mdes009995) 300 G K H - L G E T G A L T A S T M S F Y W G - - - L S Q K I P A H Q L D T H N I F L A N D Y K S S F D D I F K S H S L P D 355
M. destructor (Mdes003797) 303 A K K - L S K S A A L T S S S I S F Y W G - - - L K C Q V P - - E L D V H N V F L A N D Y K A S Y D N V F K R H I L S E 356
A. pisum (XP_001943225.2) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E Q Y K P S F D Q I F E D H S L P D 349
A. pisum (XP_001946689.2) 297 A D K - L G K K - E L T S S S I S F Y W S - - - M K T I V S - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
A. pisum (XP_001950764.1) 297 A N K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K V H N I F L A E K Y K E S F D Q I F K D H T L P D 349
M. persicae G006 (000134350) 297 A E K - L G K K - K L T S S S I S F Y W S - - - I N Q V I P - - Q M S V H N I F L S E L Y K P S F D Q I F E D H T L P D 349
M. persicae G006 (000134430) 297 A V K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N V H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006  (000203460) 297 A E K - L G K K - E H T S S S I S F Y W S - - - M N T I V P - - E L N I H N I F L A E K Y K E S F D Q I F K D H M L P D 349
M. persicae G006 (000134480) 297 A K K - L G K K - E L T S S S I S F Y W S - - - M K T I V P - - Q L K E H N I F L A E K Y K Q S F D Q I F K D H T L P D 349
M. persicae G006  (000134410) 303 A E K - L G K K - E L T S S S I S F Y W S - - - M K T V V S - - E L K V H N I F L A E K Y K Q S F D Q I F K D H T L P D 355
P. blakesleeanus (CAA55197.1) 299 T T N T L A E K - K L T S S S I S F Y W S - - - L K R V V P - - E L D V H N I F L A E A F K E S F D E I F T D H K M P S 352
B. trispora (AAO46892.1) 300 T K K T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y K E S F D E I F N D F G L P S 353
M. circinelloides (EPB83039.1) 298 T Q N T L A S K - K L T S S S I S F Y W S - - - M S T K V P - - Q L D V H N I F L A E A Y Q E S F D E I F K D F G L P S 351
X. dendrorhous (AAO53257.1) 319 A D L V G G K K L K G S C S S L S F Y W S - - - M D R I V D - - G L G G H N I F L A E D F K G S F D T I F E E L G L P A 373
U. maydis (XP_011390692.1 ) 332 A T R - L K S K - D Q T C S S I S F Y W A - - - L S S V V E - - E L G G H N I F L A D A Y Q E S F D E I F R D G D T P S 384
F. fujikuroi (CAD19989.2) 300 A D S - L S K R - E T S C S S I S F Y W S - - - A S K I V P - - E L N A H N I F L A D E Y Q E S F D S I F K E H L I P S 352
N. crassa (AAA33555.1) 313 A N K - L N N R - K A S C S S I S F Y W S - - - L S G M A K - - E L E T H N I F L A E E Y K E S F D A I F E R Q A L P D 365
R. sphaeroides (AAB31138.1) 302 T D A H V K S R - RW S M G L F V W Y F G T K G T K G MW P - - D V G H H T I V N A P R Y K G L V E D I F L K G K L A K 358
P. ananatis (BAA14127.1) 293 Q S N K L Q T K - R M S N S L F V L Y F G - - - L N H H H D - - Q L A H H T V C F G P R Y R E L I D E I F N H D G L A E 346
T. urticae (tetur01g11270) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G C M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
T. evansi (c7787) 358 Q A S F Y V N V P S R I D P D A A P P G K D T M V I L V P T G Y M T N E K - - - - - - - - - - - - - - - - - - G A D F D 399
P. citri (contig_2090) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
P. ulmi (contig_03118) 366 Q A S F Y V N V P S S L D R S A A P E G K D T M V I L V P T G C M T N E T - - - - - - - - - - - - - - - - - - G A D F D 407
M. destructor (Mdes009995) 356 D P S F Y V N V P S R I D P T A A P D G K E T L V V L V P V S H I M P N N - - - - - - - - - - - - - - - - - - E N R I D 397
M. destructor (Mdes003797) 357 D P F F Y V N V P S R I D S T A A P D G K D S V V V L L P V S H L S P N N - - - - - - - - - - - - - - - - - - V D C M D 398
A. pisum (XP_001943225.2) 350 E P S F Y V N V P S H I D P T A A P E G K D T F V I L V P V G H I S D R T - - - - - - - - - - - - - - - - - - D I D F D 391
A. pisum (XP_001946689.2)) 350 E P S F Y V N V P S R I D P T A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
A. pisum (XP_001950764.1) 350 E P S F Y V N V P S R I D P S A A P E G K D T I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134350) 350 E P S F Y V N V P S H I D P S A A P E G K D T F V I L V P V G H I S D R P - - - - - - - - - - - - - - - - - - D I D F D 391
M. persicae G006 (000134430) 350 D P S F Y V N V P S R I D P T A A P E G K D S I I V L V P V G H L S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000203460) 350 D P S F Y V N V P S R I D P T A A P E G K D S I V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006 (000134480) 350 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I T N V S - - - - - - - - - - - - - - - - - - N I D F D 391
M. persicae G006  (000134410) 356 E P S F Y V N V P S R I D P T A A P E G K D T V V V L V P V G H I S N V P - - - - - - - - - - - - - - - - - - N I D F D 397
P. blakesleeanus (CAA55197.1) 353 E L S F Y V N L P S R I D P T A A P P G K D S M I V L V P I G H M K S K T - - - - - - - - - - - - - - - - N E A E D Y T 396
B. trispora (AAO46892.1) 354 E A S F Y V N V P S R I D E S A A P P N K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G N S A E E N Y P 399
M. circinelloides (EPB83039.1) 352 E A S F Y V N V P S R I D P S A A P D G K D S I I V L V P I G H M K S K T - - - - - - - - - - - - - - G D A T T E N Y P 397
X. dendrorhous (AAO53257.1) 374 D P S F Y V N V P S R I D P S A A P E G K D A I V I L V P C G H I D A S N - - - - - - - - - - - - - - - - - - P Q D Y N 415
U. maydis (XP_011390692.1 ) 385 E P S F Y V N V P S R L D A S A A P A G K D T L V I L V P C G P I S I P E - - - - - - K P C A D P A K G A R T R D Q F A 438
F. fujikuroi (CAD19989.2) 353 E P S F Y V N V P S R I D P S A A P E G K D S I V V L V P V G H L L S D S E G T H R G L S K S G N S G G L E T S Q DW D 412
N. crassa (AAA33555.1) 366 D P S F Y I H V P S R V D P S A A P P D R D A V I A L V P V G H L L Q N G - - - - - - - - - - - - - - - - Q P E L DW P 409
R. sphaeroides (AAB31138.1) 359 D M S L Y I H R P S I T D P T V A P E G D D T F Y A L S P V P H L K Q A Q - - - - - - - - - - - - - - - - - - P V DW Q 400
P. ananatis (BAA14127.1) 347 D F S L Y L H A P C V T D S S L A P E G C G S Y Y V L A P V P H L G T A N - - - - - - - - - - - - - - - - - - - L DW T 387
T. urticae (tetur01g11270) 400 G L V A R A R A Q V I E T I E K Q M G F E S F E S Y I E T E I V N D P R T W K E K F N L W N G S I L G L T H S I P Q V L 459
T. evansi (c7787) 400 A L V A K A R A Q V I E T I E T Q M N I K S F E S Y I E T E I V N D P R T W K D K F N L W N G S I L G L T H S I P Q V L 459
P. citri (contig_2090) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
P. ulmi (contig_03118) 408 G L V A S A R A Q V I E T I E K Q L K I K N F A S Y I E T E I V N D P R T W K E K F N L W N G S I L G L S H S I P Q V L 467
M. destructor (Mdes009995) 398 E L I K F A R S K V I Q T L E N R L K M D K F E E L I E T E T I N D P R T W Q N K F N L W K G S A L G L S H N M M Q V L 457
M. destructor (Mdes003797) 399 E W I K I A R D R L I R I I E D R L H I E N L E S L I E Y E M M N D P S T W E T K F N L W K G S I L G M S H N I P Q V L 458
A. pisum (XP_001943225.2) 392 D L V K R A R E H V I N S I E K R L K I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q V A 451
A. pisum (XP_001946689.2) 392 Q H V K T A R E H V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N N F N L W K G S I L G L S H S L F Q V L 451
A. pisum (XP_001950764.1) 392 K L V E R A R E Q V I D T I E K R L K I S N F R S M I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006 (000134350) 392 H L V N R A R E H V I G A I E K R L N I S N F R S M I E H E M V N D P R T W Q S E F N L W K G S V L G L S H S F F Q I A 451
M. persicae G006 (000134430) 392 R L V N R A R E Q V I D T L E K R L K I S N F R S M I D H E K V N D P R S W Q K E F N L W K G S I L G L S H T F L Q V V 451
M. persicae G006  (000203460) 392 Q L V E R A R E K V I D T L E K R L K I S N F R S L I D H E I V N D P R T W E N E F N L W K G S I L G L A H T F L Q V V 451
M. persicae G006 (000134480) 392 Q L V K K A R E N V I D T M E K R L K I S N F R N L I D H E I V N D P R T W Q N K F N L W K G S I L G L S H S L F Q V L 451
M. persicae G006  (000134410) 398 Q L V K R A R E Q V I D T I E K R L K I S N F R S L I D H E I V N D P R T W Q N E F N L W K G S I L G L S H S L F Q V L 457
P. blakesleeanus (CAA55197.1) 397 M I V K R A R K M V L E V L E R R L G L T N F I D L V E H E E V N D P S I W Q K K F N L W R G S I L G L S H D V L Q V L 456
B. trispora (AAO46892.1) 400 E L V N R A R K M V L E V I E R R L G V N N F A N L I E H E E V N D P S V W Q S K F N L W R G S I L G L S H D V F Q V L 459
M. circinelloides (EPB83039.1) 398 A M V N R A R K M V L E V I E R R L D M S N F A D L I E H E Q V N D P A V W Q S K F N L W R G S I L G L S H D V L Q V L 457
X. dendrorhous (AAO53257.1) 416 K L V A R A R K F V I H T L S A K L G L P D F E K M I V A E K V H D A P S W E K E F N L K D G S I L G L A H N F M Q V L 475
U. maydis (XP_011390692.1 ) 439 A T V Q R A R T Q V I A T L S K R L N R P D F E S L I Q H E I V N D P F DW A D K F N L F R G S I L G L S H T I P Q V L 498
F. fujikuroi (CAD19989.2) 413 K M I S L A R D T V I A T M R A R I G V - D L A P L I E N E I I N T P F T W Q E K F N L D K G A I L G L S H S I M N V L 471
N. crassa (AAA33555.1) 410 T L V S K A R A G V L A T I Q A R T G L - S L S P L I T E E I V N T P Y T W E T K F N L S K G A I L G L A H D F F N V L 468
R. sphaeroides (AAB31138.1) 401 A V A E P Y R E S V L E V L E Q S - - M P G I G E R I G P S L V F T P E T F R D R Y L S P W G A G F S I E P R I L Q S A 458
P. ananatis (BAA14127.1) 388 V E G P K L R D R I F A Y L E Q H Y - M P G L R S Q L V T H R M F T P F D F R D Q L N A Y H G S A F S V E P V L T Q S A 446
T. urticae (tetur01g11270) 460 C F R P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
T. evansi (c7787) 460 C F S P S L K S P V - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L E D Q I V Q D K L - - - - - - - - - - - G 506
P. citri (contig_2090) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N T T N Q S N 525
P. ulmi (contig_03118) 468 C F R P D M K S P M - - F D N L Y F V G A S T Q P G T G V P I V L C G A K L L Q D K I V Q D N D P H L I V N P T N Q S N 525
M. destructor (Mdes009995) 458 H F R P S T R S H L - - F K N L Y F V G A S A H P G T G V P I V L C G A K L V E K Q M M E D T G - - - - - - - - M I E R 507
M. destructor (Mdes003797) 459 H Y R P S I R C N E - - F K N L Y F V G A N A H P G T G V P V I L C G A K L V E Q Q I L K D Y G - - - - - - - - F I E R 508
A. pisum (XP_001943225.2) 452 Y F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
A. pisum (XP_001946689.2) 452 W F R P S M K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G T K L L E K Q L C D R F L - - - - - - - - - - - D 498
A. pisum (XP_001950764.1) 452 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 498
M. persicae G006 (000134350) 452 Y F R P S L K C K I - - F D N L Y F V G A S V Q P G T G V P V V L C G A K L L E K Q L C A R F L - - - - - - - - - - - E 498
M. persicae G006 (000134430) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - G 498
M. persicae G006  (000203460) 452 W F R P S L K C N I - - F K N L Y F V G A S A H P G T G V P V V L C G A K L L E N Q L C D R F L - - - - - - - - - - - E 498
M. persicae G006 (000134480) 452 W F R P S L K C K I - - F E N L Y F V G A S V Q P G T G V P I V L C G A K L L E K Q L C D R F S - - - - - - - - - - - E 498
M. persicae G006  (000134410) 458 W F R P S L K C K I - - F E N L Y F V G A S A Q P G T G V P I V L C G A K M L E K Q L C D R F L - - - - - - - - - - - D 504
P. blakesleeanus (CAA55197.1) 457 W F R P S T Q D S T G R Y K N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C D H F G V K V R P S A I T S S K 516
B. trispora (AAO46892.1) 460 W F R P S T K D S T N R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V C K S F G Q N P L P R K L Q D S Q 519
M. circinelloides (EPB83039.1) 458 W F R P S T K D S T G R Y D N L F F V G A S T H P G T G V P I V L A G S K L T S D Q V V R S F G K S P K P R K I E I E N 517
X. dendrorhous (AAO53257.1) 476 G F R P S T R H P K - - Y D K L F F V G A S T H P G T G V P I V L A G A K L T A N Q V L E S F D R S P A P D P N M S L S 533
U. maydis (XP_011390692.1 ) 499 W F R P S I Q H A K - - Y N N L F F V G A S T Q P G T G V P V V V A G S G V V A H R V T A F L E - - - - - - - - - - - G 545
F. fujikuroi (CAD19989.2) 472 A F R P G T Q H S K - - Y K N L Y F A G A S T H P G T G V P V C I A G S K I V A E Q I L K D S G F K N N Q I P W A Q D T 529
N. crassa (AAA33555.1) 469 A F R P R T K A Q G - - M D N A Y F V G A S T H P G T G V P I V L A G A K I T A E Q I L E E T F P K N T K V P W T T N E 526
R. sphaeroides (AAB31138.1) 459 W F R P H N I S E E - - V A N L F L V G A G T H P G A G V P G V I G S A E V M A K L A P D A P - - - - - - - - - - - - R 504
P. ananatis (BAA14127.1) 447 W F R P H N R D K T - - I T N L Y L V G A G T H P G A G I P G V I G S A K A T A G L M L E D L I - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T E K F S F D F I G I F I P L V L 527
T. evansi (c7787) 507 K T K Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S E K F S F D F I G V F I P L I L 527
P. citri (contig_2090) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P V L L 546
P. ulmi (contig_03118) 526 C K Q S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A N C Q S N V W F N I C I P I L L 546
M. destructor (Mdes009995) 508 T D V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T T V F F Q Y F M L V V A I F L - 527
M. destructor (Mdes003797) 509 G H E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L I I I L Q Y F L F G I V L M I D 529
A. pisum (XP_001943225.2) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M N T W S K - Y V S F L I G L L V 518
A. pisum (XP_001946689.2) 499 S K V T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K S S W S M - C V S F L I G I I V 518
A. pisum (XP_001950764.1) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 518
M. persicae G006 (000134350) 499 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T N I W S K - Y V S F L I G L L A 518
M. persicae G006 (000134430) 499 S K V Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L W S N V R E L A T Q - - - - 515
M. persicae G006  (000203460) 499 S K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - V S L F S K - F I T F L I G L L A 518
M. persicae G006 (000134480) 499 N T V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L K S Y S K - S F S L L I S I L A 518
M. persicae G006  (000134410) 505 G K V E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I S I W S K - C V S F L I G L L A 524
P. blakesleeanus (CAA55197.1) 517 R T Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E D S K S F I W D I I W F L L I A L F A A 542
B. trispora (AAO46892.1) 520 K K Y A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P E Q T R K T E S HW I Y Y C L A C Y - 542
M. circinelloides (EPB83039.1) 518 K Q A P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L E Q D V A I G F S L G MW L R I A F L - V 542
X. dendrorhous (AAO53257.1) 534 V P Y G - - - - - - - - - - - - - - - - - - - - - - - K P L K S N G T G I D S Q V Q L K F M D L E RW V Y L L V L L I G 570
U. maydis (XP_011390692.1 ) 546 R E K G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - W L S W E A I R G S I F L A L L A 566
F. fujikuroi (CAD19989.2) 530 T K S P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K G G L D K M S D S S L T L F Q G 550
N. crassa (AAA33555.1) 527 E R N S E R M R K E M D E K I T E E G I I M R S N S S K P G R R G S D A F E G A M E V V N L L S Q R A F P L L V A L M G 586
R. sphaeroides (AAB31138.1) 505 A R R E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A E P A E R L A A E - - - - - - - 518
P. ananatis (BAA14127.1) 492 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 492
T. urticae (tetur01g11270) 527 - - - - - - - - L L L F Y F V F G N K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
T. evansi (c7787) 527 - - - - - - - - L L L F Y F F F G S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 538
P. citri (contig_2090) 546 - - - - - - - - L L I F Y Y F F A S S NW I D - - - - - - - - - - - - - - - - - - - - - - - - - - 561
P. ulmi (contig_03118) 546 - - - - - - - - L L I F Y Y F F A S S NW I D D F S Q L T N - - - - - - - - - - - - - - - - - - - 568
M. destructor (Mdes009995) 527 - - - - - - - F I H L F L Q L F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 536
M. destructor (Mdes003797) 530 T K I V K V T K I V I L N K M Y N T L D V G S N S N I Q - - - - - - - - - - - - - - - - - - - - - 557
A. pisum (XP_001943225.2) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
A. pisum (XP_001946689.2) 518 - - - - - - - - L L I F C T L - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 525
A. pisum (XP_001950764.1) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134350) 518 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006 (000134430) 515 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 515
M. persicae G006  (000203460) 518 - - - - - - - - L L V A W V S S I F H K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 530
M. persicae G006 (000134480) 518 - - - - - - - - I L F F C F V S E F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 528
M. persicae G006  (000134410) 524 - - - - - - - - L L I F W F F F R F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 534
P. blakesleeanus (CAA55197.1) 542 - - - - - - - - T L V L F I A F P Q Y S E V N Q T A A S Y I N N L L P A A F R V P V A N L S L T S 583
B. trispora (AAO46892.1) 542 - - - - - - - - F V T F L F F Y F F P R D D T T T P A S F I N Q L L P N V F Q V Q N S N D I R I - 582
M. circinelloides (EPB83039.1) 542 - - - - - - - - V F M F F Y F F P Q - - S N G Q T P A S F I N N L L P D V F R V H N S N V I - - - 578
X. dendrorhous (AAO53257.1) 571 A V I A R S V G V L A F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 582
U. maydis (XP_011390692.1 ) 567 M V G V M F A G F A A A F I L L G L V I A V S V H L L G F A D V P G L V R G K V M L E - - - - - - 609
F. fujikuroi (CAD19989.2) 551 F L G A L V A I L L A Y Y Y L V I A A N - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 570
N. crassa (AAA33555.1) 586 - - - - - - - - V L Y F L L F V R - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 595
R. sphaeroides (AAB31138.1) 518 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 518
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Appendix 4-G: Alignment of phytoene desaturases. 
 
T. urticae phytoene desaturase tetur01g11270 was aligned with those of other tetranychid 
species, aphids and their close relatives adelgids, fungi and bacteria (Altincicek et al., 2012; 
Bajda et al., 2015; Cobbs et al., 2013; Mathers et al., 2017; Moran and Jarvik, 2010; Villarroel 
et al., 2016; Zhao et al., 2015). An 80% threshold was used for shading identity (black 
background) and similarity (grey background). Accession numbers of protein sequences are 
shown between brackets. A black triangle indicates the position of the single intron in 
tetur01g11270. Red asterisks above the alignment indicate the substitutions in 
tetur01g11270 (Thr220Lys in T. urticae strain Alb-NL and Pro487Leu in T. urticae lines W-
Alb-1 and W-Alb-2) that were identified in this study. A red rhombus indicates the position of 
the insertion into P. citri phytoene desaturase (this study). A blue circle above the alignment 
indicates the Glu32Lys substitution found in a phytoene desaturase of an A. pisum mutant 
(Moran and Jarvik, 2010), while brown and green circles refers to those substitutions in 
Phycomyces blakesleeanus (Glu426Lys, Ser444Phe and Leu446Phe, Glu482Ser) and 
Fusarium fujikuroi (Pro170Leu, Trp449Stop, Gly504Asp) phytoene desaturases that result 
in lowered desaturase activities (Prado-Cabrero et al., 2009; Sanz et al., 2002). The 
presumed carotenoid binding domain (Sanz et al., 2002) is indicated with an arrow below 
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umerous organisms go into diapause to overcome seasonal 
changes and survive adverse environmental conditions. Diapause 
is known as a developmental arrest that is endogenously regulated and can occur 
at any life stage. In the two-spotted spider mite (Tetranychus urticae), the 
facultative reproductive diapause only occurs in adult females when they are 
exposed to long nights, low temperatures and/or limiting food sources. Diapausing 
mites turn completely orange, their reproductive development is halted, seek 
shelter and stop feeding (Chapter 1). This dissertation aims to contribute to the 
understanding of diapause and the role of carotenoids in T. urticae via innovative 
genomic techniques. 
In 2011, the first complete nuclear chelicerate genome of T. urticae was 
sequenced and subsequently a custom-built microarray was developed to study 
genome-wide expression changes. The design was then employed for exploiting 
the gene regulation during diapause maintenance (Chapter 2). Diapause was 
induced in a green strain of the two-spotted spider mite reared at 17°C in a 8:16h 
light:dark photoperiod and both diapause and non-diapause females were 
collected for RNA extraction. Analysis showed that a high number of metabolic 
pathways were affected during diapause maintenance and genes related to 
detoxification and digestion showed a downregulation. The synthesis pathway of 
the cryoprotective polyol, 1D-myo-inositol was also influenced as the gene of key 
enzyme inositol monophosphatase was upregulated. In addition, genes 
responsible for cytoskeletal organization were also influenced and are recognized 
to play an important role in cold-acclimation in arthropods. Furthermore, the 
expression levels of the horizontally transferred carotenoid biosynthesis genes on 
scaffold 1 were highly upregulated both during diapause in green forms, as well 
as in red morphs. This work disclosed important patterns on gene expression 
underlying diapause of the two-spotted spider mite. 
The abovementioned transcriptomic profiling of diapause maintenance, 
led to the characterization of putative antifreeze proteins in T. urticae (Chapter 3). 
The proteins showed a high similarity to insects AFPs. Both the diapause state 
and cold trigger the upregulation of selected afp genes, although other genes only 
showed an elevated expression in one of these conditions. To validate the function 
of the putative AFP, functional expressions were carried out. Nevertheless, the 
thermal hysteresis activity could not be demonstrated. When homogenates of 
mites exposed to 4°C were subjected to a splat assay, a minor recrystallization 
inhibition effect was observed that could point to antifreeze characteristics.  
N 
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The last research chapter (Chapter 4) describes the genetic mapping of 
the causal locus for an albino mutant strain of T. urticae originating from the 
Netherlands (Alb-NL). In Japan, another albino phenotypic strain of T. urticae was 
also collected (Alb-JP). Both albino mutants were phenotypically identical and 
lacked all carotenoids present in wildtype individuals. Additionally, an albino strain 
of Panonychus citri was also included in the experiments. Firstly, reciprocal 
crosses between wildtype and albino lines, determined the genetic basis of this 
trait and revealed that albinism in all three albino mutants inherited in a monogenic 
recessive manner. Next, BSA mapping with high-throughput sequencing made it 
possible to identify a genomic region of 600 kb in length that was causal for 
albinism in Alb-NL. Fine-mapping the albino phenotype with PCR-based markers 
narrowed down the candidate region to 19 coding genes including two carotenoid 
biosynthesis genes. Next, sequence analysis of this region pointed to a unique 
nonsynonymous nucleotide change resulting in a radical amino acid change in 
tetur01g11270, a phytoene desaturase gene. For the Alb-JP strain, the same gene 
showed to be affected by an insertion of a thymine nucleotide near the splice site 
of exon 1. This resulted in two potential “GT” splice donors which caused 
frameshifts in the message of tetur01g11270. Another insertion was reported in P. 
citri where the orthologue of the phytoene desaturase gene was 2,2 kb longer in 
albino than in wildtype females. This was caused by the presence of a mutator-
like (TIR) transposon. It was concluded that in all three mutant strains, the albino 
phenotype was caused by a malfunctioning of tetur01g11270, the phytoene 
desaturase gene on scaffold 1. These findings offered the possibility to understand 
the role of carotenoids in spider mites. Attempts for targeted mutagenesis in a 
wild-type inbred line with a high diapause incidence gave rise to two different 
albino phenotypes. Diapause experiments showed that these mutant strains could 
not enter diapause anymore, underlining the importance of carotenoids in 
diapause induction for T. urticae. The outcomes of this chapter indicate that the 
lateral acquisition of carotenoid biosynthesis genes from fungi has eliminated the 
need for dietary carotenoids in the two-spotted spider mite, including the necessity 
for survival in temperate regions through diapause. 
In Chapter 5, the findings of this manuscript are discussed including the 
argumentation for a more holistic genomic approach, the challenges in mapping 
diapause inheritance and improved reverse genetics. To finalize, explorations are 
suggested for applications and future diapause research of this economically 
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alrijke organismen hanteren een diapauze of 
overwinteringsstrategie om uitdagende seizoenen en 
omgevingsfactoren te overbruggen. Diapauze uit zich voornamelijk als een intern 
aangestuurde ontwikkelingsstop met verminderde activiteit en kan in de 
verschillende ontwikkelingsfasen voorkomen. De bonenspintmijt (Tetranychus 
urticae) wordt gekenmerkt door een facultatieve diapauze waarbij de voorplanting 
in de volwassen wijfjes een halt wordt toegeroepen. Diapauze-inducerende 
factoren zijn veranderende fotoperioden (toenemende nachtlengtes), dalende 
temperaturen en/of een beperkte voedselvoorziening tijdens de nimfale stadia. 
Voorts kleuren de wijfjes fel oranje, zoeken een schuilplaats op en verminderen 
ze de voedselinname drastisch (Hoofdstuk 1). Gebruik makend van de recent 
ontwikkelde en innovatieve genomische technieken, trachtte dit werk een bijdrage 
te leveren in het begrijpen van diapauze en de rol van carotenoiden in T. urticae. 
In 2011 werd het volledige genoom van de bonenspintmijt ontrafeld en 
deze vooruitgang creëerde de mogelijkheid tot het ontwikkelen van een microarray 
die toelaat  de expressie van alle genen in genoom te kwantificeren. Deze techniek 
werd vervolgens gehanteerd om het transcriptoom tijdens diapauze in kaart te 
brengen (Hoofdstuk 2). Een laboratorium populatie van de bonenspintmijt werd 
in diapauze-inducerede omstandigheden gekweekt waaruit zowel diapauze als 
niet-diapauze vrouwtjes verzameld werden voor RNA extractie, microarray en 
gen-expressie analyse. De transcriptiepatronen vertoonden een opmerkelijke 
verandering in de metabolische stofwisseling en dan voornamelijk een vermindere 
activiteit tijdens diapauze van de genenfamilies gerelateerd aan detoxificatie en 
vertering. Daarentegen werd een verhoogd expressieniveau gevonden voor 
genen die codeerden voor het enzyme inositol monophosphatase en dit impliceert 
een toename van het cryoprotectant 1D-myo-inositol. Er werd ook een 
transcriptionele respons waargenomen in de genen die verantwoordelijk zijn voor 
de organisatie van het cytoskelet en betrokken bij koudetolerantie in 
geleedpotigen. In de overwinterend wijfjes zag men ook een toename in het 
mRNA van de twee genen die verantwoordelijk zijn voor de biosynthese van 
carotenoiden. De transcriptieniveau’s  van precies die genen blijken ook een hoger 
in de rode vorm van de kasspintmijt, wat hun belang in pigementsynthese verder 
ondersteunt.  
Uit de dataset van het vorige hoofdstuk 2 , sprong een familie van genen 
in het oog omwille van een zeer hoge expressie tijdens diapauze. Deze familie 
werd geïdentificeerd als potentiële antivriesproteïnen (AFP’s) en vertonen grote 
T 
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gelijkenissen met de alombekende AFP’s van insecten (Hoofdstuk 3). Een 
genexpressiestudie benadrukte de verhoogde transcriptie van deze genen tijdens 
stimuli van zowel diapause als enkel koude stress. Hierbij werd voor sommige afp 
genen in beide omstandigheden een verhoogde transcriptie waargenomen en bij 
andere slechts wanneer de mijten zich in diapauze of koudestress bevonden. 
Vervolgens werden er pogingen tot functionele proteine-expressie ondernomen 
om de functie van deze potentiële AFPs met hysteresis activiteit te valideren. 
Verschillende benaderingen ten spijt kon de activiteit niet aangetoond worden. 
Slechts wanneer er homogenaten van volledig koude-geadapteerde mijten aan 
een specifieke test onderworpen werden, was er een inhibitie van rekristallisatie  
zichtbaar.  
In het finale onderzoeksluik van dit werk werd een genetische mapping 
methode gebruikt om het gen verantwoordelijk voor het gebrek aan pigmentatie in 
een albino  mutant van T. urticae afkomstig uit Nederland (Alb-NL) te achterhalen. 
De resultaten werden bovendien verder gevalideerd met een onafhankelijke albino 
lijn uit Japan (Alb-JP). Beide mutante lijnen waren fenotypisch identiek en 
bevatten geen carotenoïden. Een albino fenotype van Panonychus citri werd 
eveneens onderzocht. Kruisingen tussen deze albino mutanten en de 
respectievelijke wild-types, toonden aan dat albinisme onder de controle staat van 
slechts één gen dat op recessieve manier overerft. Vervolgens werd er voor Alb-
NL een ‘bulked segregant analysis’ mapping uitgevoerd met behulp DNA 
sequenering om de genomische locatie van het oorzakelijke albino gen te kunnen 
lokaliseren. Dit resulteerde in de aanduiding van een genomische regio die 600 
kb besloeg en door middel van merkers werd deze regio vernauwd tot 19 
coderende genen inclusief twee carotenoïde biosynthese genen. Verdere analyse 
van de genensequenties duidde een unieke niet-synonieme mutatie aan waarbij 
de aminozuursequentie drastisch veranderde in het gen tetur01g11270, een 
fytoeen desaturase gene. Sequentieanalyse van de Japanse albino lijn van T. 
urticae, onthulde een insertie van één nucleotide in hetzelfde gen ter hoogte van 
de splitsingsplaats van het eerste exon. Hierdoor ontstond er een frameshift 
waarbij de codering van het gen niet meer correct meer verliep. Ook voor de albino 
mutant van P. citri  werd er een oorzaak gevonden in het homologe gen van het 
fytoeen desaturase: een insertie van een 2,2 kb lange mutator transposon was 
ditmaal de oorzaak. Ten slotte gaven gerichte genoom-editing experimenten met 
CRISPR-Cas9 met een wild type inteelt T. urticae lijn, aanleiding tot de ontdekking 
van twee nieuwe albino lijnen. In deze lijnen was het volledige gen verdwenen, 
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met het niet optreden van diapauze tot gevolg, dit in tegenstelling tot hun wild type 
ouderlijn. De experimenten in dit onderdeel benadrukken het functioneel belang 
van de horizontaal getransfereerde carotenoïde synthese genen die de 
bonenspintmijt de mogelijkheid geven om onafhankelijk van hun dieet, diapauze 
te kunnen initiëren. 
In Hoofdstuk 5, worden de bevindingen omtrent diapauze kritisch 
geëvalueerd en een holoïstiche genomische benadering van dit onderwerp 
geargumenteerd. Zowel het mappen van multigenetische overerving als nieuwe 
genetisch technieken worden besproken. Tot slot, worden er toekomstige 
onderszoeksvragen geformuleerd voor het diapauze gerelateerd onderzoek in 
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